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INTRODUCTION 


The soils of Greece are supposed to be among the oldest in the world. They 
have been under cultivation for long periods of time probably measured by 
many thousands of years. A large majority of them have never received any 
commercial fertilizers or green manure and very little, if any, animal manure. 
The productivity of most of these soils is at present quite low—the average 
yield of wheat for instance, is only about 11 bushels to the acre, and this yield 
is produced only once every two or three years. The system of farming that 
most farmers follow consists of cropping the land one year and leaving it idle, 
or fallow, one or two years. 

For these and other reasons a knowledge of the state of productivity to- 
gether with the chemical composition of these soils becomes at once of deep 
interest and great importance. Because of their great age and neglected 
fertility probably few other soils in the world present so interesting and profita- 
ble a case for study and comparison as those in Greece. Many of our present 
ideas and theories concerning soil fertility find an excellent basis for examina- 
tion and testing in the soils of Greece. 

In this paper are presented some results of study of these soils. This study 
was conducted by the late Cyril G. Hopkins (with the writer as his assistant) 
who was sent to Greece by the American Red Cross and the War Board 
at the special request of the Greek Government to investigate the soils of that 
country with the main object in view of increasing their productivity. The 
results of this investigation formed the basis and subject matter of a report 
which was published and addressed to the farmers and the Government of 
Greece. This report has not as yet been published in English but it is the 
intention of the University of Illinois to do so. This report, however, was 
intended primarily for the Greek farmers and consequently it is presented 
in a popular and didactic form. Because it was intended for the Greek farmers 
it does not include much scientific data and many observations and facts which 
are of value and interest to foreign and scientific readers. It is without doubt 
that had Dr. Hopkins lived he would have prepared a special and more tech- 
nical paper on his studies and observations of the soils of Greece, together with 
the fundamental lessons and conclusions they point to. 
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Since it was the rare good forture of the present writer to be the associate 
and companion of Dr. Hopkins in all of his work in Greece, he has been asked 
and urged by interested students of soils and soil fertility to prepare a special 
article embodying the essential results of the investigation on the soils of 
Greece. He has deemed it advisable, and has undertaken to do this with all 
credit and honor to Dr. Hopkins. 

In the investigation of the soils of Greece four different methods were 
pursued: (1) personal examination, (2) chemical analyses, (3) pot-culture 
experiments and (4) field experiments. In this paper will be presented briefly 
the most essential and important findings of all four methods. 

Before the experimental results are presented, however, it is considered ad- 
visable for a more intelligent and thorough understanding of them to give a 
brief and general description of the soils of Greece, particularly as to their 
topography, geology, texture, management, climate, etc. Only the most 
essential facts which have a bearing on the experimental results and conclu- 
sions will be considered. 


TOPOGRAPHY 


Greece is a very mountainous country, more than half of the area consisting 
of mountains. The agricultural land is situated on plateaus or broad moun- 
tain tops of mountain ranges, on gradual slopes of high mountains, on hills 
and ridges, on river and inter-mountain valleys, on basins, valley deltas, 
piedmont slopes, inter-mountain and coastal plains. The number of large 
plains is small and these are found mainly in Thessaly, Macedonia and Thrace. 
There are few in Peloponnesus but they are not so extensive in area. A large 
portion of the agricultural land of the country is located on hills and rock 
mountains. Big mountains more than a thousand feet high, very steep and 
rocky, are being farmed. The land on the slopes of these mountains is actually 
made by the farmers themselves. They make patches of land by digging out 
the rocks or cultivating between the rocks. In order to keep the soil from 
being washed away these mountains are terraced with stone walls. The 
farmers abandon beautiful valleys and plainsand go to farm these rock moun- 
tains because their soils are newer and more productive. 

On account of the mountainous and hilly nature of the country, and in view 
of the fact that the rainfall comes usually in torrents, much erosion and gully- 
ing takes place on the agricultural land. These erosion and gullying pro- 
cesses are considerably facilitated by the fine texture of the soil. 


GEOLOGY 


Besides being very mountainous, Greece is also a very rocky country. 
Solid rock, probably, composes most of the mountains and hills. On account 
of their steepness and deforestation many of these mountains and hills are 
little else than barren rocks. These rocks are mainly limestone. In a few 
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places they consist of schists, shales, granites, conglomerates and sandstones, 
but the main and predominant rock formation of the country, or outcrop, is 
limestone. This limestone is remarkable for its uniformly high purity. In 
about 50 samples collected from different parts of the country and analyzed, 
the relative purity ranged from about 90 to 100 per cent with most samples 
showing about 98 per cent calcium carbonate. 

The greatest portion of the soils of Greece, therefore, have been derived 
from limestone rock and they are the residue of the impurities of the lime- 
stone, or of the decomposed limestone itself, as large areas of land consist 
mostly of decomposed limestone rock or marl. 


GEOLOGICAL CLASSIFICATION OF THE SOILS 


Probably all the soils of Greece will come under the following standard 
classification: 

Sedentary 
Residual 
Cumulose 

Transported 
Colluvial and alluvial 
Marine and lacustrine 
Aeolian 


It will be noted from this classification that there are no glacial soils in 
Greece, otherwise all the above formations are represented to a more or less 
extent. In extent of area the alluvial soils probably rank first followed per- 
haps, in order, by the residual, lacustrine, marine, colluvial, cumulose and 
aeolian soils. 


Texture of Soils 


On account of the rocky nature and rough configuration of the country one 
would think that the agricultural land in Greece would be very stony. On 
the contrary, nearly all of the land in the large plains, valleys, basins, and 
plateaus is entirely, or almost free of stones and gravel. The agricultural 
land, however, on most of the mountain slopes, on many of the hills, on 
some of the narrow valleys, small basins and mountain tops, and, on nearly 
all of the piedmont slopes is quite stony or gravelly. The greatest majority 
of the soils of Greece are of fine texture, consisting of clays,silts, and loams. 
There are practically no pure sandy soils in Greece. Even on most of the 
mountain tops, mountain slopes and hills where stones and boulders are 
very abundant the fine earth consists usually of clay. This fine texture of 
the soils may be partly indicative of their long age. 
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ANNUAL RAINFALL 


Although Greece is a very small country, having a territory of only about 
50,000 square miles (not including the new territory acquired in the Great 
War) its annual rainfall varies greatly between the different sections. In 
some of the islands and part of the mainland in the western part of old Greece 
the rainfall is about 46 inches while in the region around Athens it is only 
about 13 inches. In the greatest part of the country, however, the average 
annual precipitation is considerably above 20 inches. 

The periodic distribution of the rainfall in almost the entire country is very 
unfortunate. The greatest portion of it comes in the winter months and very 
little, if any, in the summer months. It. usually starts about October and 
continues until March or April with most of it falling during November, De- 
cember and January. The late spring months and all of the summer months 
are usually very dry. In some years and in certain sections of the country 
there may be no rainfall at all for four or five months in succession during 
the warmer part of the year. 

It is readily evident, therefore, that insufficient and improper distribution 
of rainfall must be a very serious limiting factor in the crop production of 
Greece. 


CROPS GROWN AND THEIR YIELDS 


Nearly all of the common crops are grown in Greece to a greater or less 
extent. Of the cereal crops wheat is the most widely cultivated followed 
in order of importance by corn, barley, oats, mixture of wheat and barley, 
rye, millet, sorghum and rice. The average yield per acre of these crops in 
old Greece for the year 1914 is shown in table 1. 


TABLE 1 


Average yield per acre of the different crops grown in old Greece in 1914 


NAME OF CROP YIELD PER ACRE 

bushels 
RR ie Se 2 ee hd be a clulga SVG y Ries Bea wie ee see 11.2 
yn it SATE MOTRIN NIU) ooo oc as Ad we hde uw bh aeeuleWawaees sew 11.8 
Ree cc oot. ds os Sulawinknles cbkbeaas Sh wheb ee seen kh amwecanes 18.0 
ET Coc heicstwshics ecu es bass sar eGwckenk ca shakes beepers suensaeewee 16.4 
SEMIETEL CER Ce Sec cre ook Cec ee soe ewan bakes Oe bk en eek Soe msimiis 19.6 
MCRD GRR Rhee Sa eae Ana yeu niepicad cow k eke a eeUn sees keue Ws eb etweents 11.8 
ES SA GuNG Chick aeh os ick Sekune cen Shomer mba so ewe ul eke de seus 12.3 
EMME So Soin ioh Se GGKb sb SE SbMG AS SaeSOE ho RS eabue oHUesa saws S oben’ 11.0 
DD ee ita Cake eke ag ou chu bau was Kad ab ean Saba See 12.0 


These yields, as has already been stated, are produced mostly once every 
two years. 
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The cultivated leguminous crops grown in Greece consist almost entirely 
of those species that are used for human food including beans, lentils, haricots, 
chickpeas, peas, etc. Practically no cultivated soil improving legumes such 
as clover and alfalfa are grown in Greece. This is due primarily to the severely 
dry summers. 

One of the leading and most important agricultural industries is grape, 
raisin, olive and citrus culture. The large areas of land devoted to these 
fruits were not, however, included in the investigation and consequently will 
not be considered in this paper. 


NEGLECTED SOIL FERTILITY 


One of the most neglected factors in Greek agriculture is the fertility of the 
soil. The farmers as a whole have done practically nothing to maintain or 
increase the fertility of the soil. The great majority of them have never used 
any commercial fertilizers on their land, and as previously stated, practically 
no cultivated soil-improving legumes are employed. Even the legumes 
which they grow for human food are usually pulled out by the roots, and so 
utilized that the soils derive practically no benefit from them in the way of 
nitrogen enrichment. 

There are, however, growing on most of the agricultural land, different 
kinds of wild annual legumes. But on account of the frequent and close 
grazing by the sheep, and on account of the early and long drought, they are 
usually not allowed to attain any significant development. The soils during 
their idleness, however, probably receive some nitrogen from these wild legumes. 

Farm manure is quite scarce in Greece. This is due to the fact that the 
chief livestock consist of sheep and goats which graze most of the time on 
the mountains. The only manure, therefore, that most of the agricultural 
land ever receives, is from the sheep and goats during grazing, and this is 
negligible. 


CHEMICAL COMPOSITION OF THE SOILS 


More than eighty samples of soils were collected from different parts of 
Greece representing nearly all of the most extensive and important soil 
types and areas of the country, and were analyzed for the total elements of 
nitrogen, phosphorus, potassium, magnesium and calcium, and also for lime- 
stone and acidity. For the determination of total nitrogen, phosphorus, 
potassium, magnesium and calcium the old “American official method’ 
(1) was used; for the determination of the limestone and acidity, or limestone 
requirement, the Hopkin’s Method (1, 2) was employed. Theadjoining tables 
show the total quantities of these substances in 2,000,000 pounds of fine dry 
soil, and also a descriptive record of all the soils collected and analyzed. All 
the soils have been arranged in groups according to the regions from which they 
were taken. 
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The foregoing analytical data reveal many interesting and important facts. 
First of all they show that the soils of Greece differ very greatly in fertility as 
measured by chemical analysis. Thus nitrogen, in the plowed soil, varies 
from 1420 pounds per acre in soil no. 9 to 5770 pounds in soil no. 33. Out of 
81 soils examined, 65 are surface soils. The nitrogen variation in these sur- 
face soils is shown in table 3. 

Of the three soils which contain more than 5000 pounds of nitrogen, two came 
from among limestone rocks and terraces on the mountain slopes, and one 
from muck land; while of the eight soils which contain less than 2000 pounds, 
three came from level plains, two from valleys, one from hill land, and two 
from ridge land. Of the eight soils which contain an amount ranging between 
4000 and 4500, two are located on piedmont slopes, two on mountain tops, 
one on a mountain slope, one on hill land, one in a valley, and one in a low 
valley. It seems evident, therefore, that most of the soils richest in nitrogen 
are found on mountain and piedmont slopes, while the soils poorest in nitrogen 
are generally located in level plains and in some of the large valleys. 


TABLE 3 
Nitrogen in surface soils 
NITROGEN CONTENT NUMBER OF SOILS WITHIN GROUP 
lbs. per acre 
1500-2000 8 
2000-2500 14 
2500-3000 19 
3000-3500 10 
3500-4000 3 
4000-4500 8 
5000-6500 3 


There are only 14 soils out of the 65 which contain more than 3500 pounds 
of nitrogen and 41 contain less than 3000 pounds. It appears, therefore, that 
most of the soils of Greece are either poor or very poor in nitrogen. Consider- 
ing, however, that most of these soils have probably been farmed for many 
hundreds, if not thousands, of years, without any attempt to maintain or in- 
crease their nitrogen content, it is significant that they contain as much of this 
element as they do. 

Only 8 out of 65 surface soils and none of the subsoils contain more than 
2000 pounds of phosphorus. All of these soils are on mountain slopes or low 
mountain tops or near the foot of mountains. Three of these soils, no. 44, 58 
and 65, are composed of material washed down from nearby mountains. 
The other quite similar mountain soils contain 1840 pounds in no. 36, 1640 
pounds in no. 51, and 1880 pounds in no. 73. Other soils from piedmont slopes 
which seem comparable are no. 6,54,66 and 77; also no. 7 represents a deposit 
washed from nearby mountain regions. These soils contain between 1500 
and 2000 pounds of phosphorus. Soils no. 26, 37 and 62, although hill and 
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mountain slopes, average nearly half limestone, which seems to account for 
their low phosphorus contents. 

In general, soils which have been formed from recent decomposition of lime- 
stone, and do not still contain large amounts of limestone in the fine earth, 
are either rich in phosphorus or moderately well supplied. These are found 
among the limestone rocks on the mountains, on some piedmont slopes and in 
some valley deposits washed from such mountain regions. The more common 
soils of Greece, however, vary from poor to very poor in phosphorus. This 
is true of the great coastal and inland plains of the broad intermountain valleys 
and plateaus, and of the low hills and ridges. Most of theagriculturally aban- 
doned lands are very poor in phosphorus. Of the five soils which contain less 
than 500 pounds of phosphorus three are situated on level plains, one in a valley 
and one on a level ridge land. Of the twelve soils whose phosphorus content 
varies from 500 to 1000 pounds five are located in valleys, three in plains, two 
on hill lands, one on a mountain top and one on ridge land. 


TABLE 4 
Phosphorus in surface soils 
PHOSPHORUS CONTENT NUMBER OF SOILS WITHIN GROUP 

lbs. per acre 

200- 500 5 

500-1000 12 

1000-1500 23 

1500-2000 17 

2000-2500 4 

2550 1 

3520 1 

4890 1 

11,720 1 


Potassium, though quite abundant, varies from 2500 pounds in soil 79 
(muck) and 7,140 pounds in soil 1 to 64,490 pounds in no. 65. On the whole, 
all of the normal soils examined are well supplied with potassium and most of 
them are very rich in this element. 

Magnesium ranges from 1760 pounds in soil no. 47 to 46,150 pounds in 
no. 18. Many of the soils contain a large amount of magnesium. 

Calcium varies from only 2900 pounds in soil no. 34 to 127,140 pounds in 
no. 24. Soils which contained much limestone were not analyzed for calcium 
or magnesium. Such soils, of course, would indicate a greater amount of . 
calcium than is shown in the maximum figure above. 

Limestone ranges from none at all in several soils to 1,487,400 pounds 
in soil no. 37. Most of the soils of Greece are abundantly supplied with lime- 
stone. 

The limestone requirement varies from none in most soils to 13,550 pounds 
in soil no. 31. The acid soils form a fairly large aggregate area and are scat- 
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tered in many widely separate regions. They are usually found on plains, 
ridges, hills, or plateaus, which have lost their original supply of limestone and 
which can not receive additional supplies washed down from higher lying 
lands. Of such soils included in this study, 15, 16 and 27-31 are situated 
on ridge lands near the center of a great valley; no. 8, 21, 22 and 23 are found 
on a plateau; no. 34 and 35 are situated on a sloping land in the center of a 
valley or coastal plain; no. 45 and 46 are found on low broad ridges in the 
center of a valley; no. 47 and 50 are located on ridge land and coastal plain 
across a lake; and no. 67-70 are found in a great plain. 

Many soils were found abundantly supplied with limestone at a depth of 
3 feet and more which, however, were very acid at the surface. Some of 
these subsoils testd as much as 50 per cent of calcium carbonate. 


POT CULTURE TESTS 


Although the time that the commission remained in Greece was only about 
a year, it managed to conduct a few pot culture and field tests. The object 
of these tests was to secure additional information and to verify, if possible, 
some of the analytical data. In the pot culture experiments, sweet clover was 
grown in 38 earthenware jars having a diameter of about 8 inches and a 
depth of about 10 inches. The following treatments, and combinations there- 
of, were used: 


gm. 
PIM UMEMNOR STC cuuhiclu ta swe snk ess sees oa bane nse aeeeemenea ss 6.000 
SESE Fo SE EO ee ne PE SS ee 2.975 
PIE EN ea eG wics ake kbs Sh skews oe SORA Gave Gs 3.730 
Ground limestone (where needed)............sccseccccsescccceceesees 150.000 


The soils employed were no. 17, 18, 19 and 23. Each test was run in dupli- 
cate series, Aand B. The sweet clover plants were allowed to grow for about 
three months when the tops were cut and weighed immediately (see tables 
5 and 6). 

An examination of these results shows that phosphorus produced a marked 
increase in yield in every case. Soils no. 18 and 17 both contained limestone, 
but where applied to acid soils no. 19 and 23, limestone gave a large increase 
in every case, whether applied alone or in addition to phosphorus and potas- 
sium. 

After harvesting the sweet clover it was partially dried and mixed together 
with the roots into the soil, and millet planted. The nitrogen contained in 
the sweet clover turned under resulted in large growth by the millet over the 
check. 

FIELD TESTS 


Temporary field tests, eight in number, were inaugurated in different parts 
of Greece on soils representing typical and large areas. The underlying 
principle of all these experiments was to show the effect of phosphorus and 
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WEIGHT OF GREEN TOPS OF CLOVER PLANTS 
wns TREATMENT Soil a yo ln from Soil ane 2 8 from AVERAGE 
Series A Series B Series A Series B 
gm. gm. gm. gm. gm. 
2 Nothing 38 41 30 18 32 
3 Acid phosphate 95 108 104 112 105 
4 Acid phosphate-NaCl 84 84 125 132 106 
5 Acid phosphate-KCl 82 74 116 118 97 
TABLE 6 
Relative effect of phosphorus, sodium and potassium on soil in need of lime 
aes: | cmc 
une TREATMENT Soil number 19 | Soil number 23 
from Sageika |from Gargalianoi| Four | Eight 
pots pots 
Series AjSeries B|Series A|Series B 
gm. gm. gm. gm. gm. gm 
Z Nothing 19 25 10 4 14 
3 Ground limestone 63 39 23 22 37 34 
4 Ground limestone, acid phosphate 76 67 71 62 69 87 
5 Ground limestone, acid phosphate, 
NaCl 84 89 74 82 82 94 
6 Acid phosphate, NaCl, KCl 85 90 72 80 82 90 
7 Acid phosphate, KCl 30 28 29 
TABLE 7 


Effect of acid phosphate and lime on growth of sweet clover 


SOIL TREATMENT 


YIELD PER ACRE OF DRY HAY 


Soil 19, Sageika 


Soil 23, Gargalianoi 


None, check 
Limestone 
Limestone, acid phosphate 
Acid phosphate 


er 


ee ey 


eee eee ee ee ee ey 


eee ee 


ee © 


lbs. 
150 
740 
3090 
310* 


lbs. 


220 
850 
3150 
510 


* Computed from later harvest. 
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lime on the growth of sweet clover, and in turn the beneficial influence of 
this when incroporated with the soil on the grain crops. In this paper the 
results of only two representative experiments will be presented. One of 
these experiments was conducted on soil 19 and the other on soil 23, both of 
which were also employed in the pot culture tests. Phosphorus was applied 
at the rate of about 800 pounds of acid phosphate, and limestone at the rate 
of about ten tons to the acre. The clover seed was planted on the field repre- 
sented by soil 19 on January 10 and the crop was harvested on June 28, of 
the same year. On the field represented by soil 23 the seed was planted on 
January 15 and the crop was harvested on June 26. It must be remembered 
that both of these soils are acid. The yield of dry clover hay produced by the 
different treatments at each field is shown in table 7. 

It will be readily seen that at both fields all the treatments caused a very 
marked increase in the yield of sweet clover. The greatest increase, however, 
occurred where both limestone and phosphate were applied. 

In our travels through Greece it was observed that the soils of the country 
are very susceptible to fertilization, especially with phosphorus and nitrogen, 
and that acid soils are much improved by treatment with limestone. 


SUMMARY 


It is a matter of record that the average yield of grain crops in Greece is 
low and that the average yield of wheat is only about 11 bushels to the acre. 
These low yields are generally produced only once in two years because of the 
common practice of fallowing. 

Three main factors are responsible for this low yield of grain crops. These 
are (1) poor and unclean seed and weedy stand of plants, (2) insufficient rain- 
fall in the late spring and in the summer and (3) low content of the nitrogen 
and phosphorus in most of the common soils and the almost complete failure of 
the farmers to supply these elements to the soil in the form of fertilizers or 
manures. 

There is no question that both of the first two factors, and especially the 
second, play a considerable réle in limiting the yield of grain crops on the soils 
of Greece. But the chief limiting factor has been the loss of soil fertility. 
Where nitrogen and phosphorus are present in sufficient amounts, the soils 
were reported to produce fairly good crops even in dry seasons. On soils 
very low in these elements the crops were almost a failure in the dry season. 

The chemical analysis of over 80 representative types of soils shows that the 
soils of Greece vary very greatly in fertility. Thus nitrogen, in an acre of 
2,000,000 pounds of surface soil varies from 1500 to 5000 pounds; phosphorus 
from 210 to 11,720 pounds; potassium from 2520 to 64,490 pounds; magnesium 
from 1760 to 46,150 pounds; calcium from 2900 to 127,140 pounds; limestone 
from 0 to 1,487,400 pounds; and acidity from 0 to 12,550 pounds limestone 
equivalent. 


FERTILITY OF THE SOILS OF GREECE 79 


With the exception of a few abnormal soils, all of the soils examined are well 
supplied with potassium. 

Limestone is present in abundance in most of the soils of Greece. There 
are some soils, however, scattered in many widely separate regions, that 
contain no limestone and are acid. These are usually found on level plains, 
ridges, hills and plateaus, which have lost their original supply of limestone 
and which can not receive additional supplies washed down from high lying 
land. On the whole, however, acid soils in Greece are comparatively few. 

It was found that many beautiful plains with soils of good physical condi- 
tions were agriculturally abandoned, because the new soils of the mountain 
slopes produce more profitable yields. 

Chemical examination shows that the soils of these mountain slopes are 
usually richer both in nitrogen and phosphorus and especially in the latter, 
than those of the plains. The soils richest in nitrogen and phosphorus and 
usually the most productive, were found on the terraces of the mountain 
slopes, on the sides and bottoms of small valleys between hills, ridges or 
mountains and on the bottom of big valleys overflowed with river water. 
The poorest soils in nitrogen and phosphorus and usually the least productive, 
were found on level plateaus, tops of hills and ridges, and on some of the level 
plains which neither receive deposits by overflow nor lose partially depleted 
soil by erosion. 
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INTRODUCTION 


That soluble salts of aluminum are present in acid soils in considerable 
quantities, and that these salts may be largely responsible for soil acidity, are 
conclusions that have been reached by several investigators. The literature 
on aluminum in its relation to soil acidity has been fully reviewed by Mirasol 
(10). No attempt, therefore, will be made in this paper to treat the subject 
historically, especially in view of the fact that the problem to be discussed 
deals in part with the influence of aluminum salts on bacterial activity, on 
which subject little work has been reported. References to the literature 
will be made from time to time as they bear directly upon the particular topic 
under discussion. 

The toxicity of soluble aluminum salts toward farm crops has been clearly 
demonstrated by Hartwell and Pember (5), Abbott, Conner and Smalley (1), 
Mirasol (10), and by the writer in some preliminary work, which in view of 
its agreement with what has been reported, need not be considered further. 
There does not appear, however, to be such definite information regarding 
the effect of these salts upon the important bacterial processes of ammoni- 
fication and nitrification. In view of the fact that the hydrolysis of the sul- 
fate, chloride and nitrate of aluminum produces a strongly acid medium, it 
would be expected that the nitrifying organisms would be affected adversely 
by the presence of these salts in the soil. Furthermore, since it has been main- 
tained by some investigators, and particularly by Mirasol, that the origin 
of soluble aluminum salts in the soil is for the most part to be ascribed to 
bacterial activity, it became desirable in planning this work to study this . 


factor also. 


1 The successful termination of the work herein reported is due in no small measure to 
Dr. Albert L. Whiting, under whose supervision the investigation was carried out. It is the 
intention of Doctor Whiting to continue investigations on the problem of aluminum in its 
relation to soil bacteria and acidity, the results of which should contribute to a more com- 
plete understanding of the whole question of soil acidity. 
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THE NATURE OF CERTAIN ALUMINUM COMPOUNDS IN THE SOIL 


Before attempting experimental work involving a study of bacterial ac- 
tivity as influenced by aluminum salts, it was deemed essential to investigate 
in some detail the exact nature of the aluminum compounds of the soil which 
might be involved in the problem under consideration. Merely to group all 
the aluminum compounds that might be extracted from the soil under a single 
head, namely, as being toxic to plant growth, seemed to be wholly unwarranted 
because of the widely differing nature of the aluminum compounds concerned. 
For this reason, it has been considered well to review very briefly the opinions 
that are held with respect to the character and origin of these compounds be- 
fore entering into a discussion of the experimental work to be reported. 


Theories on the formation of soluble aluminum in soils 


Probably one of the first investigators to give attention to the presence of 
aluminum in the soil from the standpoint of soil acidity was Veitch (15). In 
his study of the Hopkins’ method for the determination of soil acidity, he 
attributed the acidity of the soil extract to hydrolyzed aluminum salts which 
had been formed by the basic ion of the neutral salt solution used as an ex- 
tractant in the determination, replacing the aluminum in alumino-silicates. 
Truog (14) holds much the same view, stating that the treatment of an acid 
mineral soil with a salt solution results in the exchange of an equivalent amount 
of iron and aluminum for the base taken up. The iron and aluminum go into 
solution as salts and since they are strongly hydrolyzed in solution, they enter 
into the titration much the same as an equivalent amount of acid. The con- 
ception that the presence of these salts is to be ascribed to true displacement 
by the basic ion of the salt solution receives further support, according to 
Truog, from the fact that acetates bring aluminum and iron into solution as 
well as salts of the stronger mineral acids. It is improbable, in his opinion, 
that the dilute acetic acid formed by removal of the base would dissolve iron 
and aluminum compounds to saturation. 

A second theory to explain the presence of aluminum in neutral salt extracts 
of soil is that held by Parker (11), who assumes that aluminum is brought 
into solution by a side reaction of free acid formed by the removal of the basic 
ion of the salt solution by selective adsorption. Knight (9) takes much the 
same view, asserting, however, that the basic ion is removed to make up the 
deficiency of bases in the acid soil rather than by the physical adsorption. 
The mineral acid thus formed from the acid ion of the salt solution then at- 
tacks insoluble aluminum and brings it into solution as the salt of the mineral 
acid as is assumed by the replacement of bases theory. This is a very impor- 
tant point. It is the starting point of much of the work that will be reported 
later. 

In addition to the two theories that have been mentioned to account for 
the rise of soluble aluminum compounds in the soil, attention should be 
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directed toa third, namely, the biochemical origin of solublealuminum. Abbott, 
Conner, and Smalley (1) reported, in 1913, the presence of aluminum nitrate 
in a peat soil and attributed its rise to nitrification taking place in the absence 
of a more suitable base than aluminum. This idea has been developed recently 
by Mirasol. From the work by Ames and Boltz (2) it would appear that 
aluminum may be brought into solution also as the sulfate in the process of 
sulfofication. 

There have been presented, then, three explanations of the existence of 
soluble aluminum in the soil: first, that it is brought into solution by replace- 
ment of bases from alumino-silicates; second, that it is produced by the action 
of acid formed by withdrawal of the base from a neutral salt solution; third 
that is has its origin in the normal processes of nitrification and sulfofication. 

An understanding of which of these three processes actually occurs or whether 
they all take place in the soil, while of considerable value, is of secondary 
importance to a knowledge of the actual chemical compound into which alumi- 
num enters and as which it exists in the soil solution. To illustrate, if alumi- 
num salts of the mineral acids are constantly being produced in some acid soils, 
the theory that has now been fully accepted by many, that active aluminum 
is an important factor in acidity would appear to receive added confirmation. 
If, however, the soluble aluminum of the soil is present as the hydroxide, as 
the work of Knight indicates, and not as salts, then aluminum ceases to be the 
important factor that it is claimed to be and becomes no more than a measure 
of acidity, the actual cause of which lies much deeper, but which is as yet 
not understood. 


The presence of soluble aluminum hydroxide in soil extracts 


A review of the work of Knight may serve to bring out more clearly the 
point just mentioned. In his study of the Hopkins’ method for soil acidity, 
Knight found that the aluminum present in the potassium nitrate extract of an 
acid soil was only slightly less than enough to account for the total acidity of 
the extract as measured by titration with standard alkali. Basing his rea- 
soning on the work of Blum (3), who showed that aluminum hydroxideiscom- 
pletely precipitated before the hydrogen-ion concentration of the solution 
reaches pH=7, and, conversely, that it must pass into solution when the 
hydrogen-ion concentration rises above this value, Knight inferred that the 
aluminum which he determined in the extract was present as the hydroxide. 
The extract was then subjected to dialysis with the result that none of the 
aluminum contained within it diffused through the membrane; whereas three- 
fourths of the total acidity of the extract was found to have diffused. On 
neutralization of the contents of the collodion flasks, aluminum hydroxide 
was precipitated. The logical interpretation of the result of this experiment 
is that the aluminum extracted from the soil by a neutral salt solution is 
present not as the easily diffusible salt, the nitrate in this case, but as soluble 
aluminum hydroxide. 
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Additional support of this contention is provided by the investigations of 
Rose (12), from which it appears that precipitated aluminum hydroxide passes 
readily into the hydrosol condition in the presence of very weak acid, namely 
4 per cent acetic acid and N/20 to N/35 hydrochloric or nitric acid. 
He explains this formation of hydrosols as being due to the forming of a 
series of hydrated oxides, those hydrates containing the largest number of 
molecules being produced first. In studying the solubility of aluminum 
hydroxide in acetic acid, Rose found that hydrates having the formulas 
Al,03'7H:O and Al,03°6H:O were produced first, swelling up and setting as 
gelatinous masses. With the addition of more acetic acid Al,O3-4H.O to 
Al.O3°2.75 HO formed, giving only weakly opalescent solutions. As soon 
as the degree of hydration passed below the last value with additional acid, 
a hydrosol no longer formed and normal aluminum acetate resulted. 

It would seem, then, that this action of weak acids on aluminum hydroxide 
might easily explain the presence of soluble aluminum in the soil. The weak 
acid of the soil or the acid produced by the withdrawal of the basic ion from 
a salt solution reacts with colloidal aluminum hydroxide and produces a solu- 
tion that is, to all intents and purposes, perfectly clear, but which contains 
aluminum in a form which will not pass through a semi-permeable membrane. 
That there are considerable quantities of aluminum hydroxide in soils is the con- 
clusion reached by Mirasol so that there seems to be no reason why the conver- 
sion of aluminum hydrogels to hydrosols should not take place within the 
soil. It should be mentioned in this regard that, according to the work of 
Rose, the aluminum hydroxide need not be in the gelatinous condition, i.e., 
as when precipitated by ammonium hydroxide, in order to enter the sol state. 
Perfectly dry aluminum hydroxide will pass readily into the sol provided it 
has not been dried at too high a temperature. The application of this prin- 
ciple to soil conditions is, of course, that the hydroxide in the soil need not be 
in the plastic condition associated with wet clay in order to form the sol but 
it may be simply a finely divided powder. In summary, if this principle of 
the reversibility of aluminum hydrogels to hydrosols obtains within the soil, 
aluminum passes into the soil solution not as the diffusible salt of an acid but 
as the indiffusible hydroxide. Not only does this theory appear plausible 
but it offers a ready explanation for the fact that Knight was unable to bring 
about diffusion of aluminum from a collodion flask. The tendency, however, 
of increasing soil acidity would be eventually to convert aluminum hydroxide 
to soluble salts of aluminum. 

Data from a totally different source tend toward substantiation of the theory 
that has just been proposed. Reference is made to the extremely large quan- 
tities of aluminum which Mirasol succeeded in leaching from three acid soils 
by extracting with potassium nitrate and water until the last portions of 
the percolate showed in each case no titratable acidity. After drying, the 
soils were analyzed for aluminum, the difference in the aluminum content of the 
leached and unleached soil being taken as the active aluminum normally to be 
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found in the soils. Table 1 has been compiled from the results of analysis as 
reported by Mirasol. 

Now it is obvious that the enormous quantities of aluminum represented 
in the table as having been extracted from the soils could not have been com- 
pletely combined with nitrate, chloride, sulfate and phosphate ions, as the 
total of these acid ions could account for but a small fraction of the aluminum. 
It is conceivable that extraction of the soils with potassium nitrate may have 
converted aluminum combined as aluminum silicates into aluminum nitrate, 
through replacement of aluminum by potassium, but no such explanation is 
offered to explain the high quantities of aluminum in the water extract. 


TABLE 1 


Pounds per acre of aluminum in soil, determined from potassium nitrate and water extracts 
(2,000,000 pounds to depth of 6% inches) 


sou ei ee 
lbs. lbs. lbs. 
STAY BU GARI 56 silo e one se wiesarets Sater 121,000 54,200 21,400 
Vellow-eray silt loam:.......600sis005+. 151,200 90, 600 33,400 
NWGHOW SUCAOBIN 5 ceis'0:5:8 5:n'e. sie: visresaine 149,400 75,600 32,200 
TABLE 2 
Soluble alumina in water extracts of soils as reported by Kelley (extraction of air-dry soil) 
SOIL NUMBER ALUMINA SOIL NUMBER ALUMINA 
p. p.m p. p.m 
74 111 416 17.6 
164 V fe 417 15:3 
9 4.8 406 10.3 
292. 16.6 428 4.4 
290 19.1 426 2.9 
405 7.6 448 4.9 


Finally, in regard to the quantity of soluble aluminum in soils, it is neces- 
sary to state that no analyses of water extracts of soils for aluminum that have 
come to the attention of the writer have revealed more than insignificant 
quantities of aluminum. Typical of such analyses are the data reported in 
table 2, which have been reproduced from the work of Kelley (8). These 
soils, according to Kelley, are acid in reaction although they contain bases. 
Calculated on the basis of elemental aluminum the results would be one-half 
of the figures given. 

Having established the nature of the compounds in which the soluble alumi- 
num of the soil exists, it would be desirable to throw further light on the condi- 
tions surrounding the rise of these compounds in the soil, particularly of the 
nitrate and sulfate. Several investigators have reported the formation of the 


86 IRVING A. DENISON 


nitrate and sulfate in the soil, namely Abbott, Conner and Smalley (1) Ames 
and Boltz (2), and Ruprecht and Morse (13). Although it seems probable 
that these salts exist in very acid soils in quantities sufficient to exert a toxic 
effect, some doubt exists as to whether the salts were actually present in the 
quantities reported. At any rate, the soluble hydroxide could have been pro- 
duced under the conditions of the experiments, and it would have to be elimi- 
nated as a factor before the soluble aluminum which is produced in nitrifica- 
tion, sulfofication and by the application of ammonium sulfate could be said 
to be combined with the particular acid concerned. In other words, the in- 
creased acidity that is produced in these processes could readily convert alumi- 
num hydroxide to the hydrosol, but as soon as the acidity of the soil reaches a 
sufficiently high point, aluminum nitrate and sulfate are certain to be produced. 


EXPERIMENTAL 


The nature of the problem 


It is evident from the foregoing discussion that considerable doubt exists 
as to the exact form in which soluble aluminum occurs in the soil; whether it 
occurs principally as salts of the soil acids or whether it is to be found in greater 
quantity in the form of soluble hydroxide. Until definite information which 
pointed in one way or the other was obtained, little progress in bacteriologi- 
cal studies could be made. If aluminum salts do not occur in soils in appre- 
ciable quantities, then their influence on bacterial activity, while of consid- 
erable scientific interest, is hardly of practical value from the standpoint of 
soil fertility. Consequently, before attempting bacteriological work definite 
information as to the form in which aluminum salts occur in the soil was sought. 

A means of differentiating quantitatively between aluminum as salts and 
aluminum as the hydroxide was needed. Dialysis at once suggested itself 
as the most logical means of effecting this result. In respect to the complete- 
ness of separation of diffusible aluminum salts from the hydroxide by dialysis, 
there can be no question, for Jones (6), reviewing the work of Graham on dialy- 
sis of aluminum chloride from aluminum hydroxide, states that the aluminum 
chloride dialyzed without undergoing decomposition and that no trace of 
chloride was to be found in the alumina after the process had been completed. 
This statement also removes any doubt as to whether the aluminum salts in 
passage through the membrane are dissociated into the acid ion and aluminum 
hydroxide. Furthermore, it is a principle of dialysis that the membrane it- 
self has no influence on the rate of diffusion of molecules sufficiently small to 
pass through the membrane. Therefore, since aluminum salts diffuse rapidly 
like any other electrolyte no difficulty should be experienced in effecting 
complete separation of the salts from the hydroxide. Determination of alumi- 
num after dialysis in the diffused portion and in that portion remaining within 
the membrane gives at once the quantity of both forms of aluminum in the 
extract. A method of differentiating the forms of aluminum having been 
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found, this phase of the problem was reduced to the matter of preparing neutral 
salt extracts of several acid soils and subjecting them to dialysis. 

If aluminum salts are to be found in acid soils, then a complete extracting 
of the water-soluble acidity of these soils must reveal the presence of alumi- 
num in the extract, since the nitrate, chloride and sulfate of aluminum are 
easily extractable by water. 

Experimental work carried out along the lines that have been suggested 
should determine the quantity of aluminum as salts of the mineral acids, likely 
to be found in acid soils. It would then be necessary to ascertain whether 
the rise of soluble aluminum in the soil is to be ascribed to the replacement of 
aluminum by other bases or whether it has a biochemical origin or whether both 
processes may account for its presence. The incubation of aluminum in solu- 
tion cultures of nitrifying organisms containing no free base but aluminum, 
and subsequent determination of nitrate and aluminum in the cultures would 
indicate whether aluminum is rendered soluble in nitrification, or in other 
words, whether it may serve as the base in nitrification. Likewise incuba- 
tion of soil with sulfur and dialysis of the extract should show whether soluble 
aluminum may be formed in sulfofication. 

Having determined the quantity of soluble aluminum salts in acid soils, 
an experiment would be carried out to ascertain whether ammonification and 
nitrification might be inhibited in such concentrations of salts. Incubation 
of soil with several concentrations of the aluminun salts likely to be found in 
the soil should answer this question. 

If inhibition of nitrate production should result from the toxicity of alumi- 
num it would be desirable to know what fertilizer material or soil amendment 
would be most effective in rendering the aluminum inactive. 


Description of the soils used 


The soils studied in this investigation were the same as those used by Mirasol 
in his work to which several references have been made. The chemical analyses 
of these soils as reported by Mirasol are reproduced herewith; quantities 
are expressed as pounds per acre, assuming that the surface soil to a depth 
of 63 inches weighs 2,000,000 pounds, table 3. In addition, a slightly acid 
brown silt loam from the University South Farm and soil from plot 23 of the 
Rhode Island Agricultural Experiment Station were used for special studies. 
The soil of plot 23 has received applications of ammonium sulfate since 1893 
and it is extremely acid. 


Experiment 1. The nature of the aluminum compounds extracted with 
potassium nitrate 


Using for this experiment the gray, yellow-gray, and yellow silt loams and 
the Rhode Island soil, an extract of each was made by adding to 100 gm. of 
soil in a 400 cc. bottle, 250 cc. of a normal potassium nitrate solution, shaking 
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for 3 hours, and after the supernatant liquid had become perfectly clear, 
drawing off 125 cc. of the solution for analysis of aluminum. Aluminum was 
determined in the usual way, by precipitation with ammonium hydroxide. 
The precipitates were but faintly tinged with the brownish color of ferric hy- 
droxide so that no attempt was made to separate iron from aluminum. As a 
check upon the results obtained by this procedure, the phenyl hydrazine method 
for the determination of aluminum was carried out as given by Hillebrand (6). 
Practically identical results were obtained. Table 4 gives the results of these 
determinations as the average of triplicate analyses. 


TABLE 3 
Chemical composition of soils used 
CONSTITUENTS GRAY SILT LOAM “— ia ee 
lbs. per acre lbs. per acre lbs. per acre 
PEMEREE MMO sks ohiosbanive es csi ne kn eee 26 36 60 
OME SOS. Clases ocunees cise as se 2,900 1,370 1,966 
NMR Bitar kins chat sie kn vab anes naaweeis 1,104 693 691 
DUMMEMMN EES Dulce mene pics abu eas aelee Rams 25,130 35,800 29,000 
lg oe re eo ere eg Sie ts 4,510 3,920 7,850 
DUMEENENE hon. tice ese siesconpas aes ae 4,520 4,180 5,330 
BEES FRG ot Circa rs ack Gc oca eNncees cose 47,800 74,200 74,200 
ME SE EG icc ek Saicls OO N Noles ROS 840 786 660 
EDO. 562 be cus te Mes ch cneheeseenaeGe 121,000 151,000 149,000 
SOP RONEN 3 x 4, oes wb ununswies advan s see 2,125 2,814 2,921 
TABLE 4 
Aluminum in potassium nitrate extract, after 3 hours’ shaking 
SOIL ALUMINUM 
lbs. per acre 
SOU MN et 20 1s os ewes wale sak ke aicadhu ecu ee sun sesed see 678 
NIN TR DRE BININ 3 35515 (Dis is asad s sis 62 6 OR AES Su 4h o> dae SNEN Oe e 540 
III ORNIR EC ee CPi oo ole niacin bun sea ub puGaene« 366 
EE NE IES io on och anhe ab oso see Seespmeoew as he 498 


These figures, of course, do not represent the total soluble aluminum of 
the soil since no more can be extracted after equilibrium has been established 
between the extractant and the soil. Fresh potassium nitrate and renewed 
shaking would of course bring more aluminum into solution. Aliquots of a 
second similar series of extracts were than pipetted into 500-cc. collodion 
flasks for dialysis. These flasks were suspended in separate glass jars con- 
taining 3 liters of distilled water and dialysis allowed to take place for 2 days. 
During each day, water was constantly drawn off and evaporated. Finally, 
when 1 liter of the diffusate after evaporation to several cubic centimeters 
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gave no test for nitrate with diphenylamine sulfuric acid, it was assumed that 
the process of dialysis was complete. The diffusate was evaporated to about 
150 cc. heated to boiling and ammonium hydroxide added until the solution 
was just alkaline. No precipitate whatever of aluminum was obtained. The 
collodion flasks were then placed in beakers and the collodion disintegrated 
by digesting with strong nitric acid on a steam bath over night. Determina- 
tion of aluminum showed that all of the aluminum contained in the extract 
had been recovered and that none had diffused through the membrane. This 
result points directly to the fact that all of the aluminum present in the potas- 
sium nitrate extract of the soils under study was present as the hydroxide and 
not as salts. These results completely confirm the work of Knight, who, as 
was mentioned earlier in this paper, obtained the same results by dialysis of 
the potassium nitrate extract of an acid soil. 

Before concluding definitely that the aluminum which had been found in 
the potassium nitrate extracts was present as the hydroxide, it was thought 
desirable to make a study of the hydrosol of aluminum hydroxide, particularly 
with reference to its appearance, and behavior in the presence of ammonium 
hydroxide. Some doubt existed at this time as to whether the hydrosol would 
not appear quite opalescent, whereas the soil extracts were as clear as distilled 
water. Furthermore, it was not altogether certain that aluminum in the sol 
state would be precipitable by ammonium hydroxide. In order, then, to 
remove any doubts as to the appearance and behavior of the sol in so far as 
this problem is concerned, certain observations were made on aluminum 
hydroxide in this condition. ° 


Experiment 2. Properties of the hydrosol of aluminum hydroxide 


The procedure followed in the preparation of the hydrosol was that of 
A. Miiller, reproduced in Zsigmondy and Spear’s Chemistry of Colloids (16). 
A solution of aluminum chloride containing 1.124 gm. of aluminum oxide in 
50 cc. of water was treated wih ammonium hydroxide, washed as quickly as 
possible with water, and put into 250 cc. of water in a flask. The whole was 
brought to a boil, and 20 cc. of N/20 hydrochloric acid added drop by drop. 
The hydrosol prepared in this manner was only faintly opalescent. A portion 
diluted with water, however, formed a perfectly clear solution. The hydrosol 
was found to be neutral to both red and blue litmus paper. On addition of 
ammonium hydroxide with warming, a gelatinous precipitate of aluminum 
hydroxide was formed. In view of the similarity in appearance and behavior 
of the aluminum hydroxide hydrosol with that form of aluminum which was 
found in the potassium nitrate extracts, together with the fact that the alumi- 
num in the extracts failed to diffuse through the collodion membrane, admits 
of no doubt as to the form in which aluminum was present in the extracts, 
namely, the hydrosol of aluminum hydroxide. 
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Experiment 3. Effect of complete extraction of acidity on nature of aluminum 
compounds in potassium nitrate extracts 


The question now arose as to whether, under the conditions of the extrac- 
tion with consequent production of equilibrium, sufficient aluminum as salts 
had been extracted to give a determinable amount of aluminum after dialysis, 
and whether complete extraction of the soil acidity would tend to modify the 
character of the aluminum compounds extracted. In order then to extract 
the total amount of soluble aluminum, the soils, except that from Rhode Is- 
land, were shaken as before with normal potassium nitrate. After settling, 
all the supernatant liquid was removed, replaced with fresh salt solution and 
shaken again. This process was repeated until titration of 125 cc. of the ex- 
tract required less than 0.5 cc. of standard sodium hydroxide to neutralize 
it. It was found impossible to go below this figure on account of the slightly 
acid reaction of the potassium nitrate solution. Six shakings of 3 hours each 
with replacement of the salt solution after the first five shakings were found 
to be necessary to reduce the acidity of the last portions to practical neu- 
trality. A similar series was extracted with distilled water, but because two of 


TABLE 5 
Aluminum in potassium nitrate extract after complete extraction of acidity of soils 
SOIL ALUMINUM 
lbs. per acre 
Gray silt loam......... oo ee ee ev ee ee enecncee seen cesssecensccenesees 1014 
RT EN MORIN 5.5 Sc Many ahiodws masa Se hwainch bs Ghbeecew see wes a 765 
PU EUMONID oon cb su cn akan sss esun seababalod po ssoeusesuneens's 802 


the extracts persisted in remaining turbid, these water extracts were discarded. 
The results of the analyses for aluminum in the potassium nitrate extracts, 
appear in table 5. 

A comparison of these results with those received from the single shaking 
with potassium nitrate reveals the fact that from one and one-half to two 
times as much aluminum is removed by the successive shakings as withasingle 
shaking, which was to be expected. A very striking comparison, however, is 
made when the second series of results are compared with those obtained 
by Mirasol (reproduced in table 3), by leaching the same soils to neu- 
trality with normal potassium nitrate. It should be noted in this connec- 
tion that the procedure followed by Mirasol was quite different from that 
used by the writer in that the results of the former were obtained from analy- 
sis of the soils before and after extraction, no attempt being made to analyze 
the extract itself. And herein, undoubtedly, lies the reason for the very high 
results obtained by Mirasol, for it is highly probable that the percolation of 
the potassium nitrate through the soils carried with it mechanically a very 
large quantity of finely divided particles of aluminum hydroxide. Naturally 
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the hydroxide in this form would not be found in analysis of the extract, but 
it would reduce enormously the quantity of aluminum in the soil after extrac- 
tion had been completed. This explanation likewise accounts for the large 
quantity of aluminum which Mirasol found was removed by leaching with 
water. None whatever could be found in the extract by the writer in repeat- 
ing the work in exactly the same manner as Mirasol had done, with the excep- 
tion that the writer made his analysis of the actual extract rather than of the 
soil itself. Additional support of this result is given by the fact that the bot- 
tom of the bottles receiving the percolate was in each instance covered witha 
noticeable layer of finely divided material, presumably aluminum hydroxide. 
More detailed consideration of the water extracts will be given later. 

The potassium nitrate extracts of the three soils after complete extraction 
of soil acidity were now subjected to dialysis by concentrating to small vol- 
ume and dialyzing in the manner previously described. Here another ap- 
parently abnormal result was obtained, for all of the aluminum contained in 
the extract was found to diffuse completely through the membrane and the 
total quantity of aluminum in the extract was recovered in the diffused por- 
tion. Treating the dialyzate with ammonium hydroxide after digestion with 
acid failed to give a test for aluminum. 


Explanation of the presence of aluminum nitrate in the potassium nitrate extract 


The fact that with a single shaking of the soils with potassium nitrate only 
non-dialyzable aluminum was to be found in the extract, while with complete 
extraction only dialyzable aluminum was found, can be explained only by 
assuming that the aluminum hydroxide present in the extract after shaking 
was converted to aluminum nitrate by the increased acidity which resulted 
from successive shakings over a long period. It might appear possible that 
the single extract from the shaking contained aluminum as salts in insufficient 
quantity to be detected, whereas the complete extraction removed a consider- 
ably larger amount. This contention, however, is invalidated by the fact 
that in the first instance non-diffusible aluminum made up the totalaluminum 
content of the extract, whereas in the second instance the total aluminum of 
the extract consisted of wholly dialyzable aluminum. This fact necessarily 
presupposes a conversion of aluminum hydroxide to the nitrate and can hardly 
be explained on another basis. 

Assuming such conversion to have taken place, it became necessary to 
ascertain whether the conversion had occurred as a result of the increased 
acidity, caused by the repeated shakings, or whether the concentrating of the 
800-cc. aliquots to 150 cc. had increased the hydrogen-ion concentration of 
the solution to a point which would convert the hydroxide to thenitrate. To 
settle this latter point, dialysis was repeated with larger collodion flasks which 
obviated the necessity of concentration, but complete dialysis took place as 
before, thus eliminating the factor of change in the nature of the aluminum 
compounds due to manipulation. 
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If the conclusion is accepted that aluminum salts were not present in the 
extract after the shaking of 3 hours, but that they were produced as a result 
of contact between the soil and the extract over a much longer period, then 
certain fundamental considerations must follow. If aluminum salts are not 
found in the extract after the shorter period of contact then the salts cannot 
be the real cause of the acidity of the extract. They are produced in side 
reactions of the true acidic factors within the soil and diminish rather than 
increase the acidity of the extract to the extent that they fail to hydrolyze 
completely. The hydrolysis of soluble aluminum salts, on the basis of this 
reasoning, cannot be a contributing factor to the acidity of the soils under 
investigation. 

A detailed consideration of the probable process by which aluminum nitrate 
was produced in these soils, follows. The acid soils being deficient in bases, 
and because of their rather large content of alumino-silicic acids, alumino- 
silicates, organic acids and of acid salts in general, withdraw the potassium 
ion from the neutral salt solution until their capacity for base is satisfied. 
Those compounds containing aluminum then liberate this ion in proportion 
to the quantity of potassium absorbed. As the potassium ion is withdrawn 
from the potassium nitrate, hydrogen ions from the various acids and acid 
salts within the soil combine with the nitrate ion to form nitric acid. The 
nitric acid thus produced acts upon the aluminum which is replaced by potas- 
sium and forms not aluminum nitrate, as would naturally be expected, but 
forms the hydrosol of aluminum hydroxide. To assume that soluble aluminum 
hydroxide is produced under these conditions rather than aluminum nitrate 
probably appears out of harmony with our usual conception of chemical reac- 
tions; yet it is necessary to bear in mind the work of Rose on the formation of 
hydrated aluminum hydrosols in weak acid solution before the acidity is suffi- 
cient to form the normal salt. In the soil, undoubtedly, a series of similar 
hydrated hydrosols are produced until finally the concentration of nitric acid, 
increasing slowly by the removal of the potassium ion in the rather slow re- 
placement reaction, reaches a point at which aluminum nitrate is produced. 
It is necessary to point out that contact of the salt solution with the soil over 
the period of 2 weeks during which the total extractions were made did not 
result in increased acidity as measured by titration, but in this period the hy- 
drogen-ion concentrations of each of the extracts rose to a point at which the 
hydroxide was converted to the nitrate. This is to be explained by the fact 
that hydrogen ions of the weakly dissociated alumino-silicic acids and organic 
acids which represent the total acidity of these soils, but which affect only 
slightly the hydrogen-ion concentrations of the soil, were replaced by potas- 
sium. The result was the formation of strongly dissociated nitric acid and a 
consequent increase in the pH value of the extracts. The data reported in 
table 6 substantiate this contention in that there is seen to be no increase in 
titratable acidity in soil extracts which have remained in contact with the 
soils up to 3 months, yet in this interval there has been a singularly large 
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increase in the concentration of hydrogen ions in the extracts. The results 
reported in this table were obtained by shaking 100 gm. of soil with 250 
cc. of normal po tassium nitrate solution for 3 hours, titrating 125 cc. imme- 
diately after settling and also after standing for 1 andfor3 months. Deter- 
minations of the hydrogen-ion concentration of the extracts were made by the 
colorimetric method of Clark and Lubs (4), at the time of the titration. 
Examination of the data presented in table 6 reveals some extraordinary 
changes in the acidity of the soil extracts during the course of the 3 months’ 
standing. The hydrogen-ion concentrations of the extracts have increased 
considerably by the third month, pointing strongly to the production of a 
readily ionizable acid, in this case nitric acid. But much more striking are 
the changes through which the titratable acidity have passed in this period. 


TABLE 6 
Total titratable acidity and hydrogen-ion concentration of soil extracts after contact with soil for 
different periods 
SOIL eoieneee ranks a. "> IN HYDROGEN-ION 
eee WITH STANDARD ALKALI CONCENTRATION 
cc. DH values 

Wellow Sut lOain:, 5000. sisiseees os 24 hours 11.0 4.4 
Yellow silt loam... ......0.6e0c0% 1 mo. 3.0 4.2 
WeNOW GUCIORIN: . oo's6 005 sedans 3 mos. 10.5 2.8 
Yellow-gray silt loam............. 24 hours 9.7 4.0 
Yellow-gray silt loam............. 1 month 9.3 4.0 
Yellow-gray silt loam.............| 3 months 9.3 3.0 
Cr 2. LU OC 24 hours 4.3 4.6 
OAC te) C1 or 1 month 0.6 4.6 
GIy BRU MOBI 4 8 ciel niswewnies awe 3 months Not determined Not determined 


It will be observed that the total acidity of the yellow and gray silt loams had 
decreased to a very marked extent after one month’s standing but after the 
entire period had elapsed the total acidity of the former had returned to the 
original figures obtained by titration after 24 hours. No such change took 
place in the extract of the yellow gray silt loam; during the whole period, 
its acidity remained practically constant. Evidently chemical reactions of 
considerable complexity had taken place in these extracts to account for the 
fluctuations in the acidity, and no explanation which might be offered without 
further study might coincide with the actual changes which took place. Never- 
theless, a possible explanation might be suggested at this time which would 
perhaps stimulate further work along this line. It would certainly seem that 
some of the active hydrogen ions of the extract had been combined into com- 
pounds which removed them from the system either through the passage of 
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the compounds into the colloidal state, e.g., silicic acid, or it may be that com- 
pounds were formed containing hydrogen which ionized to only a slight ex- 
tent. Either of these possibilities would account for the reduction in acidity 
after one month. Such a reduction in acidity would naturally affect the 
hydrogen-ion concentration of the extracts. Whereas, the pH value would 
normally rise immediately with the conversion of the weakly dissociated soil 
acids to the strongly dissociated nitric acid, it appears from the data presented 
that the reduction in total acidity, from whatever cause, has prevented the 
hydrogen-ion concentration from increasing until some time after one month. 
After this time had elapsed, however, the constantly increasing concentration 
of nitric acid succeeded in bringing back into the system the acidic compounds 
which for some reason had been thrown out. It will be observed that the 
yellow-gray silt loam suffers no change whatever. Evidently it does not con- 
tain to an appreciable extent those compounds which by entering the colloi- 
dal or insoluble state reduce the acidity of the extract. Whether the explana- 
tion that has been suggested is acceptable or not, does not affect the main 
point, namely, that there was a very considerable reduction in the total acidity 
of the soils during the early period and subsequent return to the normal acidity 
of the extracts. Error in manipulation cannot account for the abnormality 
since a second series of extracts gave similar results with respect to both ti- 
tratable acidity and hydrogen-ion concentration. 

The extracts which had remained in contact with the soil for 3 months were 
subjected to dialysis with the result that the aluminum compounds in solution 
in the extracts diffused through the membrane, showing that in the interval 
of 3 months conversion of aluminum hydroxide to aluminum nitrate had been 
effected. It should be noted, however, that under the conditions of the ex- 
traction, the production of nitric acid is a reversible reaction. Removal of 
the products of the reaction then would be expected to accelerate its speed. 
This is exactly what happened in the complete extraction of the soil acidity 
by repeated shakings with removal of the salt solution after each shaking re- 
placing it with fresh solution. As a result of this procedure, aluminum hydrox- 
ide-was converted to aluminum nitrate within 2 weeks (the time required for 
the extraction), whereas even after 1 month’s standing without renewal of 
the salt solution no such change had taken place. The hydrogen-ion concen- 
tration of one of the extracts from complete extraction which happened to be 
saved, corresponded very closely to the pH value of the same soil after 3 
months’ standing in contact with the salt solution. 

In concluding this discussion of the conversion of aluminum hydroxide to 
the nitrate in the potassium nitrate extracts, it is necessary to emphasize the 
fact that the hydrolysis of soluble aluminum salts cannot possibly be a factor 
contributing toward the acidity of soils in general, the term acidity being taken 
in its true meaning of the effect of free hydrogen ions and not including a toxic 
effect apart from that of hydrogen ions. Aluminum salts were not found to 
occur normally in the soils studied but were produced by the interaction of 
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the soil acids and the potassium nitrate solution. Hence, almunium salts 
are produced by soil acids and cannot therefore be a cause of the acid reaction 
of the soil. 


Experiment 4. Aluminum in water extracts 


Attention has been previously called to the fact that the water extracts of 
the soils by repeated shakings were too turbid for use in the determination of 
aluminum. Any attempt to clear the extracts by flocculation of colloidal 
material, of course, would precipitate aluminum in the hydrosol state. Hence, 
percolation of the soil with distilled water was resorted to in order to obtain 
perfectly clear extracts. Five kilograms of each soil was placed in pots of 
that capacity and leached with distilled water until a 125-cc. portion of the 
percolate required not more than 0.2 cc. of standard alkali to neutralize it. 
Approximately 10 liters of water was required by each soil to reduce its acid 
reaction to neutrality. 

Analysis of the water extracts for aluminum was made by evaporating ali- 
quot portions to dryness, allowing the beakers to remain on the steam bath 
over night to dehydrate the silica, digesting the residue for 1 hour on the 
bath with 5 cc. of concentrated nitric acid, diluting, and after filtering off the 
silicia, heating to boiling and treating with ammonium hydroxide in the pres- 
ence of 2 gm. of ammonium chloride to faint alkalinity. No precipitate 
whatever formed even when 5-liter aliquots were taken of the total volume of 
10 liters of each extract. When it is considered that the total quantity of 
soil extracted in each case was 5000 gm.; further that there is no reason why 
any nitrate, sulfate or chloride of aluminum should have failed to be removed 
by the water had they been present in the soil, the conclusion may be drawn 
with assurance that soluble aluminum was totally absent from these soils 
despite the fact that Mirasol has reported between 21,000 and 33,000 pounds 
of aluminum to have been removed from the same soils by water. The ex- 
planation of this discrepancy has been made in connection with the discus- 
sion of aluminum in potassium nitrate extract, namely, that these figures 
reported by Mirasol were not secured by actual analysis of the extracts, but 
that they represent the loss in total aluminum of the soils after percolation had 
been accomplished. It was further suggested that the liquid passing through 
the soil had removed mechanically very fine particles of aluminium hydroxide 
to which the loss in aluminum may be ascribed. Mirasol, however, does re- 
port results from the actual analysis of the water extractsforaluminum. These 
results are reproduced in table 7. 

These results, however, if calculated on the acre basis, vary widely from the 
results reported by him from analysis of the soils before and after percolation. 
For instance, selecting the figure given for aluminum in the first 4 liters of the 
extract of the yellow gray silt loam, namely 105.2 gm. and calculating this 
in terms of pounds per acre (16 liters of water was the total volume used in 
leaching the soil), assuming 5000 gm. to be the capacity of the pot used, we 
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arrive at the figure of 168 pounds per acre; whereas calculation from the 
results obtained indirectly, i.e., by analysis of the soil before and after per- 
colation, shows that 33,400 pounds per acre had been removed. The figure 
168 pounds as a matter of fact is much too large as it is computed from the 
quantity of aluminum in the first 4 liters which contained considerably more 
aluminum than the succeeding volumes of water. 

It is now necessary to explain the reason for the discrepancy in the results 
of Mirasol and of the writer in direct analysis of the water extracts. Mira- 
sol does not give his method for the determination of aluminum in the water 
extracts, so it may be presumed that he disregarded the possible presence of 
soluble silica in the extracts, treating with ammonium hydroxide to precipi- 
tate aluminum directly after evaporation, instead of evaporating the extracts 
to dryness, dehydrating and removing the silica with subsequent treatment 
with ammonium hydroxide. It would seem possible then that the precipi- 
tate that he obtained with ammonia was not aluminum hydroxide but silicon 
hydroxide. In order to obtain experimental evidence bearing on this point, 
the writer evaporated 4 liters of each of the extracts to 200 cc. and treated with 


TABLE 7 
Analysis of water extracts as reported by Mirasol 
SOIL ALUMINUM 
mgm. 
NNN 2Gt os cou co bin ces e ses Sana deh bar believe Shae Meus esseesees 88.9 
ET MMUMNER 6. os snk nice Gueaowebarhb es snes nbeeds ei sees een 105.2 
ROY COMI oD ots be Seti ck eee cw Sane ea tice ws aues se eaten saeees 79.5 


ammonium hydroxide, white gelatinous precipitates being formed in each 
case. One of the precipitates was pure white, the others were tinged some- 
what by ferric hydroxide. Boiling these precipitates with strong sodium hy- 
droxide failed to dissolve them. Even boiling with fairly strong acid brought 
them into solution only quite slowly. The behavior of these precipitates 
with acid and alkali should remove any doubt that they were not aluminum 
hydroxide. 

Resuming further consideration of Mirasol’s data concerning the presence 
of aluminum in water extract, it is necessary to say first that it is utterly 
impossible that all of the aluminum which Mirasol succeeded in extracting 
from the soil by water was present as salts of the various acids. By calcula- 
tion of the amount of aluminum that would be combined with the total quan- 
tity of negative ion in the extract, assuming for the time that all of the acid 
ions are present as aluminum salts, it is possible to approximate the maximum 
quantity of aluminum that might be contained in the extract as salts. This 
figure compared with the total quantity of aluminum present gives the ratio 
of aluminum as salts to the total aluminum content. This idea has been 
carried out with results that appear in table 8. All of the data with the 
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exception of the analysis of chloride and sulfate, which were carried out by the 
writer, are taken from Mirasol’s report of his work. 

A comparison of the maximum amount of aluminum which could be com- 
bined with the total quantity of acid ions, leaving the silicate out of consid- 
eration, demonstrates at once the extremely small proportion of aluminum 
that could be present as salts. But we know from the principles of water 
analysis that the acid ions are not linked with aluminum but with calcium, 
magnesium, potassium and sodium. All bases, in excess, are assumed to be 
present as hydroxides. ; 

In no case in water analysis, to the knowledge of the writer, are acid ions, 
under normal conditions, ever assigned to aluminum. The only alternative 
to account for the large amounts of aluminum is to ascribe it to the presence 
of aluminum hydroxide. The writer, of course, does not lose sight of the 
fact that aluminum hydroxide will be generally admitted to be present in the 


TABLE 8 
Acid ions in soil solutions extracted by water, with their aluminum equivalent 
GRAY SILT YELLOW-GRAY SILT YELLOW SILT 
IONS 
Acid ions | Sluminum| Acid ions | Mumiturt| Acid ions | Soutvalent 
lbs. per acre\lbs. per acre\lbs. per acre|lbs. per acre\lbs. per acre|lbs. per acre 
NEED roo aio cision 5:10 sini 9 sv ecto 3 18 3 26 4 62 9 
CUNOIRIE sco ohisiosesuinnes sis swcss 152 38 212 53 112 28 
SUNSIRE cavecwesscusadasiccesac| “S22 79 598 112 459 86 
PHOGBNBNG) oi sajcdiviewe des daewee - _ - . 13 3 
POC eiccscceae escieeencwes 120 169 126 
Total aluminum estimated..... 721,400 lbs. 33,400 Ibs. 32,200 Ibs. 
* Amount within error. 


water extract of soils; Mirasol, in fact, mentions its probable occurrence in 
the soil solution. The writer also recognizes the possibility of its presence 
being a potential source of toxic aluminum, but he does not admit the cor- 
rectness of grouping it with aluminum in the form of salts under the head of 
active aluminum, i.e., aluminum that is toxic to plants. It follows, there- 
fore, that the total aluminum which may be found in water extracts cannot be 
taken as a measure of toxic aluminum since the latter occurs to the best of 
our knowledge only as salts which, as has been shown, are not likely to be 
present in soils in significant amounts. 


THE PRODUCTION OF SOLUBLE ALUMINUM IN THE SOIL BY BACTERIAL ACTIVITY 


Thus far in this paper no data have been adduced which indicate that the 
rise of aluminum salts within the soil might contribute towards its acidity. 
It has been shown that aluminum salts produced by purely chemical reactions 
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cannot possibly augment the acid reaction of the soil. It is now necessary 
to consider whether soil acidity might be increased by the hydrolysis of alumi- 
num salts produced biochemically, namely, by nitrification and by sulfofica- 
tion. Mirasol has emphasized the former process as being the foremost fac- 
tor in the production of soluble aluminum, pointing out that in absence of a 
more suitable base, aluminum may serve as the base in nitrification with the 
production of considerable quantities of aluminum nitrate. That this process 
may take place to any extent, however, may be doubted in view of the fact 
that nitrifying bacteria are extremely sensitive to an acid medium which 
would rapidly be brought about by the hydrolysis of aluminum nitrate, if 
formed. Certainly nitrification could not go on appreciably under such 
conditions. Nevertheless, it was deemed desirable to study this question 
experimentally. 


Experiment 5. Nitrification as a factor in the production of soluble aluminum 


This experiment was performed by determining the amount of nitrate in 
incubated nutrient media which contained no free base which might neutra- 
lize nitric acid except aluminum hydroxide and aluminum phosphate. 


TABLE 9 
Nitrate production in liquid cultures 
TREATMENT OF NUTRIENT MEDIUM BEFORE INOCULATION ia al 
WITH SOIL INFUSION 
After 4 weeks After 6 weeks 

mgm. mgm. 
UNM PROL ELCs ris bws bie us s\-mawaseonesebuaskckyic a 1.0 
Coe CSS A Ct re 0.6 0.9 
SEEMED OA IRUE FOREN 5 is 051s 5 Se Gee sinciawioone snes wsbnwie 0.5 0.5 
SURRENDER, ican ck Gin s kon sab behews seuees 55 5.3 


The nutrient medium contained per liter of distilled water, 1 gm. of KZHPO,, 
0.2 gm. of MgSOx, 1 drop of 10 per cent FeCls, 1 gm. of NaCl and a very small 
amount of CaCl. Twenty-five cubic centimeters of the medium was poured 
into 500 cc. Erlenmeyer flasks, each of which received in addition sufficient 
standard (NH,)eSQ, solution to provide 10 gm. of nitrogen. Aluminum 
hydroxide and phosphate were added to separate series of flasks in amounts 
sufficient to neutralize all of the nitric and sulfuric acids that might be pro- 
duced, plus a slight excess. The flasks were then inoculated with 1 cc. of a 
soil infusion made by shaking 100 gm. of a black clay loam soil with 200 cc. 
of water and allowing the supernatant liquid to stand until most of the soil 
particles had settled. Incubation at 30° was allowed to continue for 4 and 
for 6 weeks. At the end of these intervals, the contents of the flasks were 
analyzed for nitrate with results as given in table 9 as averages of triplicates. 
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From the data contained in the table there does not seem to be any likeli- 
hood of aluminum replacing calcium as an available base in nitrification. 
The experiment, however, probably does not admit of a definite conclusion 
on this point, since it might be that in a much longer period of incubation the 
aluminum compounds would slowly be attacked and a measurable quantity 
of nitrate would be formed. In addition, there is a possibility that if nitri- 
fication were intiated by a slight amount of carbonate, aluminum would carry 
on the process. 


Experiment 6. The production of soluble aluminum in the soil by the process 
of sulfofication 


It will be recalled that reference was made earlier in this paper to the fact 
that Ames and Boltz (2) report aluminum as having been rendered soluble in 
the process of sulfofication. As their experimental procedure did not dis- 
criminate between the two forms in which aluminum may be produced in 
the soil, i.e., as the hydroxide or as salts, it became necessary in order to study 
this problem to induce strong sulfofication in a soil and then to dialyze the 
extract as in the previous experiments. Accordingly, 100-gm. portions of 
the yellow gray soil were placed in tumblers, 0.5 gm. of sulfur was added, 
0.8 gm. of dried blood, and finally enough precipitated aluminum hydroxide to 
double the aluminum content of the soil. Water was then added to optimum 
moisture content and the tumblers incubated at room temperature for 2 months, 
water being added from time to time to keep the tumblers at a fixed weight. 
At the end of the incubation period the contents of each tumbler were trans- 
ferred to a 400-cc. shaker bottle, 200 cc. of distilled water added and the mix- 
ture shaken for 1 hour. After the suspended material had settled aliquot 
portions were drawn from each bottle, sulfate being determined from two por- 
tions, the remainder being dialyzed in the manner that has been previously 
described. Very strong oxidation of sulfur was found to have taken place, 
the sulfuric acid formed being sufficient to increase the pH value of the soil 
extracts from 4 to 3. Under such conditions, it was not surprising that con- 
version of aluminum hydroxide to sulfate took place as was demonstrated by 
dialysis. It is hardly necessary to point out that the aluminum sulfate formed 
in this manner could not possibly have been a factor in increasing the acidity 
of the soil extracts since this was of course due solely to the sulfuric acid formed. 


Experiment 7. The influence of aluminum salts on ammonification and 
nitrification 

Although thus far in the experimental work that has been reported in this 

paper, no evidence has been adduced that has indicated the presence of alumi- 

num salts in acid soils under normal conditions; yet we are confronted with 

the results of the work of Hartwell and Pember (11), which seems to admit 

of no other conclusions than that aluminum was the toxic factor whichaccount- 
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ed for the unique difference in the response of rye and barley to identical 
soil conditions. Other work which hardly need be reviewed at this time points 
quite clearly to the harmful influence of those salts in acid soils. Acid soils 
under a given set of conditions, as in sulfofication, may favor the production 
of aluminum salts; and, because of their very high toxicity, plant growth 
might be seriously affected, even though the absolute quantity of salts pro- 
duced at any one time may be very small. 

With these considerations in mind and in view of the lack of data in the 
literature bearing on the influence of aluminum salts on ammonifying and 
nitrifying organisms, it was deemed advisable to study to what extent the 
soil flora concerned in nitrate production reacts toward toxic aluminum. 
Data which would demonstrate the relative toxicity of the aluminum salts 
likely to occur in the soil, also seemed of sufficient importance to warrant some 
attention being given to this phase of the subject. Furthermore, if aluminum 
was found to inhibit seriously the normal functioning of the nitrifying organ- 
isms, it would be of considerable practical importance to ascertain the rela- 
tive value of certain common fertilizing materials for inactivating the toxic 
aluminum. A description of the experiments devised to throw light on these 
points follows. 

The soil selected for this work was a slightly acid brown silt loam from the 
University South Farm. Its lime requirement according to the Hopkins 
method was 300 pounds per acre. It had a high ammonifying and nitrify- 
ing power and for this reason was more suitable than any of the acid soils used 
in connection with the work on extraction of alumintm. An obvious objec- 
tion to the use of a soil with such a slight degree of acidity is that aluminum 
applied to it in the form of salts would be precipitated until the acidity of the 
salts had increased the hydrogen-ion concentration of the soil beyond the 
point at which aluminum is thrown out of solution. It was planned, however, 
to apply the aluminum salts over so wide a range of concentrations that no 
difficulty would be experienced in bringing about, for the duration of the ex- 
periment at least, the presence of soluble aluminum in the soil. Time did not 
permit a complete chemical analysis of the soil, but for the sake of informa- 
tion an analysis is presented in table 10 which represents the average chemical 
composition of the soil of the same type in the county from which the sample 
was taken. These data were obtained from the Soil Report of Champaign 
County, Illinois and was prepared by the University of Illinois. 

One-hundred-gram portions of the soil were placed in tumblers and mixed 
with organic matter consisting of a mixture of alfalfa and sweet clover resi- 
dues and furnishing the nitrogen equivalent of 200 pounds per acre. The 
nitrate, chloride, sulfate and phosphate of aluminum were then applied to 
separate series in chemically equivalent amounts. The concentrations of 
salts are indicated in table 11. With the exception of the phosphate, all of 
the salts were added in solution. Water was added in amounts such that the 
total volume of liquid applied, that is water and the aluminum salt solution, 
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was 25 cc., the optimum moisture content of the soil. This moisture content 
was maintained as nearly as possible during the incubation period by adding 
from time to time the amount of water lost from several weighed tumblers. 


TABLE 10 


Composition of brown silt loam of Champaign County 


AVERAGE AMOUNT 
a 1can on ewe nant 
POUNDS 
lbs. 
po D0) CIR Tg Tee yA eRe AE Se OE A eee 4,670 
MERTEN NA RN, MO Ls Shay ts We eal aed a ee a 1,060 
Pana UN PNP RIRIE Fig oh ea 5 Sas -s1e lo ate S iovs Sales wn aa On clo woes Plle/o: a lela pala sibel ie 35,430 
AeA REE asa sais in a's o'e) 5 Piafh UA AS Se oS w wa Dak Die aia Saal ioe 9,550 
TOS RR ee ste ny SSDNA an nen te aR ee oR ee 10,680 
TABLE 11 
Concentrations of aluminum salis used and field rates of application 
FRACTION OF MOLECULAR 
ao ven SET Al(NOs)s AICls Alz(SOu)s AIPO. 
lbs. per acre lbs. per acre lbs. per acre lbs. per acre 
1 156 X 1077 67 42 107 38 
y 625 X 1077 266 167 427 153 
3 25 X 10-5 1,064 669 1,709 610 
4 1 X 10-3 4,255 2,688 6,836 2,440 
5 4X 1073 17,019 10,670 7,348 9,759 
TABLE 12 


Ammonia production in soil treated with aluminum salts after incubation, per acre in pounds 


cumenemanais Al(NOs)s AICls Ala(SOs)s AIPO, 
NUMBER 
1 week 2 weeks 1 week 2 weeks 1 week 2 weeks 1 week 2 weeks 

lbs. lbs. lbs. lbs. lbs. lbs. lbs. Ibs. 

Check 24 23 24 23 24 23 + 23 

1 29 16 29 20 36 26 34 28 

2 27 16 30 16 32 24 30 24 

3 40 18 30 19 32 21 28 16 

A 36 20 39 58 26 12 32 24 

5 33 34 40 36 21 0 50 23 


The experiment consisted of four series, namely ammonia production in 1 
week and in 2 weeks, and nitrate production in 1 and in 2 months of incuba- 
tion. The results as reported in tables 12, 13 and 14 are averages of the 
analyses of duplicate tumblers. Whenever difficulty was met in obtaining 
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satisfactory checks that section of the work was repeated. Ammonia was 
determined by distilling with magnesium oxide, nitrate by boiling off ammonia 


with sodium peroxide and distilling with Devarda alloy. 


TABLE 13 


Nitrate production in soil treated with aluminum salts, after 1 month’s incubation 


NITRATE FOUND AFTER TREATMENTS INDICATED 


Al(NOs)s 
NUMBER 
: AICls Al2(So4)s AlPO« 
5 Found 
Total found Applies 3s exces of that 
lbs. per acre lbs. per acre lbs. per acre lbs. per acre lbs. per acre lbs. per acre 
Check 126 126 126 126 126 
1 185 12 173 33 141 90 
2 84 48 36 33 111 135 
3 174 192 96 90 135 
4 173 768 48 72 174 
5 159 2,072 “54 174 204 
TABLE 14 


Nitrate production in soil treated with aluminum salts, after 2 months’ incubation 


NITRATE FOUND AFTER TREATMENTS INDICATED 


weeeee AI(NOs)s 
AICls Alz(SO«)s AIPO, 
Total found atone Recovered 
lbs. per acre lbs. per acre lbs. per acre lbs. per acre lbs. per acre lbs. per acre 
Check 54 54 54 54 54 
1 82 12 72 72 110 90 
2 90 48 42 66 99 60 
3 114 192 72 62 48 
+ 201 768 72 93 78 
5 336 3,072 60 76 Lost 


Discussion of results from ammonification and nitrification 


Considering first the ammonia determinations after 1 week’s incubation, 
we may say that no toxic effect is to be noted; as a matter of fact, a consid- 
erable stimulation seems to be the rule even in the very high concentrations. 
No great depression of ammonia takes place after 2 weeks except in the highest 


two concentrations of aluminum sulfate and in a few other cases. 


These 


variations may be explained by the fact that nitrate production was stimu- 
lated at these particular concentrations, a fact which is borne out in part by 
the nitrate data. 
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Turning now to the data of nitrate production after 1 month we find as 
might have been predicted from our knowledge of the sensitivity of the nitrate 
and nitrate organisms to acidity that, with the exception of the phosphate 
in which there is stimulation, there is a general decrease in nitrate formed 
with increasing concentrations of the salt. The high result in the fifth con- 
centration of aluminum sulfate is to be explained by a disturbance in the sys- 
tem brought about by the high acidity. No doubt the aluminum has exerted 
its toxic effect as in the other concentrations, but this effect is masked by the 
dissolving out of some elements to which the bacteria readily responded. 
The results from the applications of aluminum nitrate are altogether unsatis- 
factory because none of the nitrate applied in the higher concentrations could 
be recovered after incubation. Apparently the conditions were favorable 
for the rapid development of a nitrate consuming flora, or denitrification may 
have taken place. It was predicted that the phosphate would probably not 
exert a toxic effect, and it was incorporated in the series partly with the idea 
in mind of finding whether the nitrifying bacteria would respond to quite 
insoluble phosphate. Then, it was reasoned, if the phosphate ion is removed 
by the organisms, the free aluminum ion may have opportunity to exert a 
toxic effect by combining with an acid radical. The phosphate, it would seem, 
is quite available to bacteria. 

The nitrate results after 2 months’ incubation are quite striking in that 
they demonstrate the fact that soluble aluminum is slowly precipitated or 
thrown out of action in some way by the soil even in the very highest concen- 
trations. It is realized, as has been indicated before, that a soil of this char- 
acter would likely dispose of considerable active aluminum by precipitation, 
and for this reason the objection might be raised that the results are not ap- 
plicable to normally acid soils. Yet, if this soil is able to dispose of some 
27,000 pounds of aluminum sulfate and 10,000 pounds of aluminum chloride, 
it would seem that a more acid soil could inactivate the much smaller quanti- 
ties of aluminum salts that it is likely to contain. 

For some unknown reason the magnitude of the results from the 2 month’s 
incubation is lower than that from the incubation of asingle month. Possi- 
bly denitrification resulted from an excess of water that might have been added 
during the course of the incubation period, or it may be that after the maxi- 
mum quantity of nitrate had been produced a considerable quantity of ni- 
trate was utilized by a strong nitrate consuming flora. The general trend of 
the data, however, is not affected by the rather low production of nitrate 
in the longer incubation period. 


Experiment 8. The influence of fertilizing material on the precipitation of 
aluminum 


The final experiment to be reported has to do with the relative efficiency of 
certain fertilizer materials, namely calcium carbonate, monocalcium phos- 
phate and tricalcium phosphate in diminishing the toxicity of aluminum. 
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Each of these compounds was mixed with soil in the amounts necessary to 
precipitate the aluminum from aluminum chloride which was added to the 
soil in the same concentrations that were employed in the previous experi- 
ments. The precipitation of the aluminum from aluminum chloride was 
assumed to take place according to the following equations: 


2 AICls + 3 CaCO; = 2 Al,O; + 3 CaCk + 3 COz 
2 AIC]; + 3 CaHy(PO,)2 = 2 AIPO, + 4 H3PO, + 3 CaCh 
2 AICI; + Cas(POx)2 = 2 AlPO, + 3 CaChk 


Incubation was allowed to take place for 1 month. The results with tri- 
calcium phosphate were unsatisfactory, so a second series was incubated. 


TABLE 15 
Effect of carbonate and phosphates in inactivating soluble aluminum as measured byniirate 
production 
CONCENTRATION NUMBER AICls AICls +- CaCOs AICls -+- CaHi(PO.)2 
lbs. per acre lbs. per acre lbs. per acre 
Check 126 126 126 
1 63 186 78 
2 63 183 108 
3 96 153 102 
4 48 172 84 
5 54 87 36 
TABLE 16 


Effect of tricalcium phosphate in inactivating soluble aluminum as measured by nitrate production 


CONCENTRATION NUMBER AICls ALONE AICls + Cas(POx)s 
lbs. per acre lbs. per acre 
Check 120 120 
1 108 126 
2 93 105 
3 66 92 
4 105 99 
5 75 30 


The results from this second series with tricalcium phosphate should be com- 
pared with the results from the aluminum chloride series which accompanied 
it, rather than with the results of the first series. Chemically pure chemicals 
were used, 

The superiority of calcium carbonate over the two phosphates precipitating 
aluminum as measured by nitrate production is apparent at once. The 
monocalcium phosphate is likewise to be preferred to the tricalcium phos- 
phate for this purpose. 


NATURE OF ALUMINUM SALTS IN THE SOIL 105 


SUMMARY 


The experimental work that has been reported, together with the inter- 
pretations of which it admits, have established conclusively the fact that 
aluminum salts were not present in the acid soils which were used in this 
investigation. Although aluminum nitrate was found in the potassium ni- 
trate extract of the soils after complete extraction of the acidity had been 
accomplished, this fact by no means establishes the normal occurrence of 
aluminum salts in these soils. The very fact that not a trace of soluble alumi- 
num was found in the water extracts is conclusive evidence of its absence, as 
there is no reason why salts of aluminum, if present, should not have been 
extracted by distilled water. It has been shown further that even if the 
total content of acid ions within the soil were combined with aluminum, 
even this impossible condition could account for only an insignificant quantity 
of total aluminum extracted. 

Soluble aluminum salts may be produced from aluminum hydroxide in 
acid soils by the action of the mineral acids formed by removal of the basic 
ion of sulfates, chlorides and nitrates. The basic ions replace aluminum in 
certain soil minerals, the aluminum coming into solution as the hydroxide. 
With increasing hydrogen-ion concentration of the soil solution, brought about 
by the production of highly ionized acids by withdrawal of the bases from salts, 
a point is reached when aluminum hydroxide in solution is converted into 
soluble aluminum salts. Since the hydrolysis of these salts cannot increase 
the acidity of the soil beyond the degree of acidity existing at the time of their 
formation, the conclusion may be definitely drawn that aluminum salts are 
not a factor in the acidity of soils, taking the term acidity to refer to the effect 
of free hydrogen ions and not including a toxic effect due to other causes. 
Rather than causing an acid condition in soils, aluminum salts are themselves 
produced by the acidity of the soil, and hence cannot contribute toward it. 

It has been shown that the presence of soluble aluminum salts stimulates 
ammonification while nitrification proper is affected adversely with increas- 
ing concentration of the salts. This inhibitive effect, however, is obtained in 
the soil used only for a relatively short time, perhaps no longer than a month. 
After 2 month’s incubation it is striking to note that, with nitrate production 
as the criterion, the soluble aluminum had been rendered inactive. Calcium 
carbonate was shown to be more effective than either monocalcium or tri- 
calcium phosphate in precipitating aluminum, as measured by nitrate 
production. 


CONCLUSIONS 


1. Soluble aluminum salts were not present in the acid soils used in this 
investigation. 

2. Aluminum salts, although perhaps occurring in some acid soils, do not 
contribute to their total acidity, but are themselves produced by the action 
of the soil acids. 
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3. Aluminum salts are stimulating to ammonifying organisms, but act 
adversely upon nitrate bacteria in soil. This effect, however, is temporary 
only, as an acid soil seems to have considerable capacity for inactivating toxic 
aluminum. 

4. Calcium carbonate is the most effective material, in reducing the toxic 
action of aluminum salts on nitrification. 
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EFFECT OF AERATION 


The process of mixing rock phosphate, sulfur and soil according to the 
Lipman formula for the purpose of converting the insoluble into soluble phos- 
phates, is based upon the phenomenon of the oxidation of sulfur by micro- 
érganisms. The sulfuric acid produced reacts with the tricalcium phosphate 
forming the secondary and primary salts. These are soluble in water and 
in neutral ammonium citrate and thereby readily available for plant use. 
This process may be expressed in terms of chemical reactions and studied 
from an empirical standpoint. The equations are: 


2S -- 2H:O “+ 30, = 2H2SO,4 
Ca;(P O4)2 -|- H.SO, “hE 2H.0 CazHe (PO.)e a CaSQ,: 2H:,O 
CazHe (POx)2 a H.SO, = CaH, (POx)2 + CaSO, 


Examining the first equation the outstanding feature is the consumption of 
large amounts of oxygen in the process of oxidation of sulfur. It is, there- 
fore, suggestive to assume that the microérganisms concerned in the process 
are strictly aerobic and responsive to a higher oxygen tension. Both of these 
questions have been the subject of study of Lipman and McLean (8,9). The 
aerobic nature of the microdrganisms in question has been definitely estab- 
lished. The oxygen tension has also been studied but not to any great extent 
and the limits of oxygen supply have not been established. It was with this 
in mind that the following work was conducted. 

Mixtures of 50 gm. of floats, 25 gm. of flowers of sulfur and 25 gm. of dry 
soil were made, moistened to within 50 per cent of the total water-holding 
capacity, and placed in 250 cc. wide-mouth bottles. Each bottle with the 
mixture was inoculated with a 5-cc. infusion made by mixing 10 gm. of floats- 
sulfur-soil compost known for its efficacious oxidizing power with 50 cc. of 
water. 


1 Paper No. 31 of the Journal Series, New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistry and Bacteriology. 

2 The author wishes to acknowledge his appreciation of the enthusiasm and guidance of 
Dr. Jacob G. Lipman. 
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Nine bottles, each containing this same mixture, were arranged in series 
and aerated as shown in figure 1. A represents a flask with ordinary tap 
water. B is the first bottle containing the mixture, C the second, etc. Air 
enters bottle A, through tube 7, passes through the water, becomes somewhat 
saturated and passes to bottle B. Tube D has at its lower end, a bulb, 3, 
# inch in diameter. The stream of air enters the mixture through a dozen 
or more pin holes in this bulb, passes through the mixture and leaves the bottle 
B through tube E to enter bottle C and repeat the operation. The essentials 
of this aeration apparatus have been taken from Folin’s (4) aeration apparatus 
for the determination of ammonia. Suction was accomplished by an apparatus 
used at this station and described by Neller (10). 


T D 


Cc 


Fic. 1. DracrRAM SHOWING METHOD OF AERATION 


Two bottles served as controls which were, therefore, not aerated. Each 
bottle throughout the aeration experiment was weighed weekly, water was 
added to make up for loss through evaporation and also for water taken up 
in the oxidation of sulfur as shown in the equation: 


2S + 2H:0 + 302 = 2H2SO, 


It was found that the aerated bottles near the water bottle A, lost more water 
than those at the end of the system near the suction connection. This made 
it necessary to change the order of the bottles two or three times a week in 
order to give all the bottles a fairly even chance and thus eliminate a variable. 
Besides the moisture factor, the question of amount of oxygen was involved 
in the changing of the bottles from one end of the system to the other. As the 
air proceeds toward the last bottle, the oxygen in it is used up by the micro- 
érganisms. The greater the distance from the source of air, therefore, the 
less is the amount of oxygen supplied to the microdrganisms. It is hoped in 
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future work, to measure the incoming and outgoing oxygen and thus determine 
the oxygen requirements of the sulfur-oxidizing organisms. From time to 
time, the bottles were sampled for determination of hydrogen-ion concentra- 
tion and phosphorus soluble in neutral ammonium citrate. The colorimetric 
method as described by Clark (3) was used for the pH determinations and the 
official method (11) for the phosphorus determinations. The results of the 
experiment are shown in table 1. 

A glance at the figures in table 1, shows that there was, after 100 days, 
6 per cent more of the citrate-soluble phosphorus, in the aerated mixtures 
than in the non-aerated mixtures. After that time the aeration had no effect 
and the difference between the two series remained about the same. 


TABLE 1 
Comparison of aerated and non-aerated sulfur-floats-soil mixtures 
EXCESS OF PHOS- 
AERATED SAMPLES* NON-AERATED SAMPLES PHORUS MADE 
AGE OF CULTURES or. ‘AERATED 

Acidity Phosphorus Acidity Phosphorus MIXTURE OVER 

made available made available NON-AERATED 

days PH per cent pH per cent ber cent 
0 6.4 des 6.4 Ue 0.0 

10 4.2 12.5 4.8 9.6 2.9 

25 4.0 19.6 4.2 15.0 4, 

80 2.8 33.2 2.8 28.8 4.4 
100 2.6 36.3 2.8 30.0 6.3 
120 2.6 39.8 2.8 33.9 5.9 
130 2:0 41.7 2.6 35.7 6.0 
150 2.6 46.8 2.6 41.0 5.8 
180 2.4 49.9 2.6 44.4 ao 


* Samples, taken in duplicate, were representative of the material in the entire series of 
nine bottles. 
t Samples representative of material in both control bottles. 


The same phenomenon was observed in the reaction. In analyzing the 
sulfur oxidation equations from a physico-chemical viewpoint, it must be 
remembered that the velocity of a reaction is proportional to the product of 
the active masses of substances involved. In this case, the active masses of 
oxygen has been increased through aeration and, of course, there should be an 
increase in oxidation. There are, however, other factors beside mass that 
enter a reaction of this nature. It must be remembered that the microédrgan- 
isms must come in contact with the sulfur in order to oxidize it and that they 
have need of great masses of oxygen. Thus, the increased oxygen supply is — 
of direct benefit to the microérganisms. It is known that the food supply in 
any medium brings forth competition among the different groups of micro- 
érganisms. Any condition that will favor a certain group of organisms will 
place this group in an advantageous position at the expense of the others. In 
the case of non-aeration, the oxygen supply in the beginning was used up by 
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the different groups, outside the sulfur bacteria, and the sulfur-oxidizing or- 
ganisms were deprived of their required oxygen. This will explain also why 
after the reaction reached a certain point, no advantage has been derived from 
aeration. In the beginning, many other species of organisms were present 
in the mixtures as shown by the plate method. But when the reaction went 
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Fic. 2. Curves SHowING RELATION OF AERATED AND Non-AERATED CULTURES EXPRESSED 
BY THE PER CENT OF AVAILABLE PHOSPHORUS AND REACTION 


down to a pH 2.8 no bacteria appeared on the plates; as a matter of fact no 
organisms, except a fusarium, were present. Microscopic examinations showed 
the typical minute rod-shaped bacteria with rounded ends. Thus the sphere 
of action at a pH 2.8-2.6 is left to the sulfur-oxidizing bacteria only. 

Until the pH of the non-aerated mixtures reached the value 2.8, their bac- 
teria were the least active, as seen from the table 1. As soon, however, as 
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the reaction was reduced to a pH 2.8, these non-aerated mixtures produced 
soluble phosphates as fast as the others. The normal supply of oxygen as 
found in the atmosphere seems to be sufficient at the particular reaction under 
the conditions of the experiment. Thus the limits of oxygen tension must 
be taken into consideration. In composting rock phosphate and sulfur, 
depth of layer is of prime importance, from the standpoint of oxygen supply 
especially until the reaction goes down to a pH 2.8. It may be deduced from 
what has been said about the relation of aeration to reaction that it is essen- 
tial in the composting process to impart to the surrounding medium a reaction 
as expressed by a pH value of 2.8. That this is not so will be pointed out 
later in discussing the question of the effect of reaction on the speeding up of 
the process of sulfur oxidation. 

While weighing the bottles to measure the loss of water by evaporation, it 
was noted that after 80 to 100 days the mixtures gained in weight instead of 
losing, even though they dried up. The reason for this was not clear at first 
but the writing out of the equation representing the reaction solved the 
difficulty. 

2S + 2 H20 + 3 O2 = 2 H:SO, + 282 Cal. 


Thus two atoms of sulfur need two molecules of water and three molecules of 
oxygen to make up two molecules of sulfuric acid. The water serves a double 
purpose, that of supplying water for the sulfuric acid formed and that of keep- 
ing the mixtures at an optimum moisture condition for the development of 
the organisms. The gain in weight may be calculated from the equation: 


2S +30:+ 2 HO = 2 H:SO, 
64 + 48 + 36 = 196. 


Thus for sixty-four units of sulfur we get one hundred ninety-six units of sul- 
furic acid, or for every gram of sulfur we get 3.02 gm. of sulfuric acid, a gain 
in weight of more than 2 gm. for every gram of sulfur oxidized. This makes 
the moisture problem in the composting of sulfur and floats more compli- 
cated, since at any moment of the reaction, the increment of sulfuric acid 
produced determines the moisture content. The moisture content becomes a 
function of the sulfur oxidized. In order to determine accurately the loss of 
moisture, a determination has to be made, but this is a tedious method and a 
more simple one may be used. It consists in determining the total sulfates 
by the 1 per cent HCl method described by Brown and Kellog (2) and calcu- 
lating the amount of sulfur oxidized. The equation of sulfur oxidation may 
be then used for the calculation of water of constitution of the sulfuric acid 
formed. The amount of water lost by evaporation may be determined by 
keeping a control with the same mixture, leaving out the sulfur, and substi- 
tuting sand for it. 

Loss of weight by the control will give the moisture lost by evaporation. 
One other point must be considered in a theoretical consideration of water con- 
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sumed in the process of sulfur oxidation, namely, the water of crystallization 
of the gypsum formed in the reaction of the sulfuric acid on the ground 
rock phosphate. Two molecules of water are tied up with one molecule of 
calcium sulfate. The latter may also be calculated from the equations given 
previously. 

INFLUENCE OF INITIAL REACTION 


It has been pointed out that aeration ceased to be a factor in the mechanism 
of sulfur oxidation after the mixtures reached a pH value of 2.8. 

In an earlier paper, Lipman and Joffe (7) have reported the results of an 
experiment planned to study the influence of the initial reaction on the oxida- 
tion of sulfur. They concluded that under the conditions of their experiment 
there is no advantage in starting with a relatively high hydrogen-ion concen- 
tration through conditions of sulfuric acid. To see the effect of reaction on 
the oxidation of sulfur in mixtures as in the aeration experiment was the pri- 
mary object of the experiment recorded. The experiment reported here was 
carried out under entirely different conditions. 


PROCEDURE 


Mixtures were prepared in the same way as for the aeration experiment. 
Tumblers were used instead of bottles. They were kept at room tempera- 
ture and acidified as indicated in table 2. 

Each tumbler received 20 cc. of water and 5 cc. of infusion as in the aera- 
tion experiment. The pH determinations were made several hours after the 
addition of the acid. 

The addition of the acid did not bring the reaction down to a pH 2.8. This 
can be explained by the composition of the mixture. Fifty per cent of it 
was rock phosphate, which easily removed the hydrogen ions from the 
sphere of reaction. The twenty-five grams of soil undoubtedly absorbed or 
adsorbed most of the acid, withstanding the “attacks” of the hydrogen ions 
through the buffers present in the soil. Still the total acidity increased and 
exerted some influence. Table 3 records the developed reaction and the 
availability of the phosphates for a period of four months. It brings out 
some interesting features of the effect of reaction on the oxidation of sulfur. 

The results are not striking and not absolutely conclusive. The indications, 
however, are interesting. It seems that small additions of sulfuric acid have 
a beneficial effect on the process of sulfur oxidation in sulfur-floats-soil com- 
posts. The first three cultures through the whole period of incubation showed 
consistently more activity than the remainder. The reaction and also the 
percentage of soluble phosphates are the expressions of these activities. The 
control mixtures were favored by conditions fully as much as those treated 
with larger amount of acids, perhaps even a little more, if the chemical effect 
of the initial addition of sulfuric acid to the others is considered. Of course, 
differences are due to the additions of sulfuric acid, but how and why remains 


SULFUR OXIDATION IN SULFUR-FLOATS-SOIL MIXTURES 113 


TABLE 2 


Treatment of sulphur-floats-soil mixtures 


NUMBER OF TUMBLER genalogy pH AFTER TREATMENT 
CC. 
1* 0.125 6.4 
2 0.250 6.3 
3 0.375 6.2 
4 0.500 6.2 
5 0.625 6.0 
6 1.250 5.0 
7 0.000 6.4 


* All treatments were in triplicate, and, with few exceptions, all results are averages of 
these. 
TABLE 3 


Sulfur oxidation as indicated by reaction and availability of phosphate after various periods 
of incubation 


7 DAYS 18 DAYS 27 DAYS 37 DAYS 44 DAYS 
NUMBER OF 

CULTURE : ° : ; ‘i 
pH | ae | PH | aber | PH | ayep | PH |avep| PH | ave 
per cent percent per cent ber cent percent 

1 Ne | 4.5 3.8 5.0 3.8 5-2 3.4) 6:4.) 3.2; 75 

z 5.0 4.8 3.8 BS | 3.8 Sian} SO SS SQL ST 

3 4.8 4.6 3.6 5.1 3.6 5:48 [S24 673s) 32-004 

4 Sia 4.5 3.8 S40). 358 S226. |). 3284), 3.8 | 7.4 
5 5.4 4.8 4.8 at 4.6 4.31}, 3:91 5.0) 4.1 15.48 

6 4.6 4.3 4.6 5.0 4.6 Az, S007 ost etenih eaiae 

7 0:2 4.3 4.8 5.0 4.2 Se Sco | SOK] “Ser | Gre 

65 DAYS 86 DAYS 100 Days 114 Days 
NUMBER OF 

CULTURE pH Available P pH oe pH sae pH oo 
per cent per cent per cent per cent 

1 Ry 2 17.6 Suz 19.1 3.0 24.9 2.6 31.7 

2 Si2 15.9 3:2 19.0 2.8 25k 2.8 28.4 

3 3.4 16.0 3.4 18.0 3.0 24.0 3.0 26.7 

4 3.8 14.6 3.8 16.7 3.8 20.1 3.8 20.4 

2 3.8 14.5 3.8 15.9 me 20.4 Sia 20.6 

7 3.8 15.4 4.0 16.1 S22 21.8 3:2 21.6 


to be explained. The added sulfuric acid, it might seem, reacts with the 
tricalcium phosphate liberating the dicalcium and monocalcium phosphates, 
and thereby gives these cultures a start. That the case is not so has been 
shown by the results presented in table 3. It seems that the acid instead of 
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attacking the tricalcium phosphate was absorbed or adsorbed by the so-called 
inert material, the soil. 

What effect will the addition of sulfuric acid have on the microbial flora 
harboring the mixtures? No definite answer can be given and only postu- 
lates may be advanced, postulates based on the general principles of our 
knowledge in microbiology. It is known that different groups of organisms 
and species in the same group differ in their tolerance toward the reaction of 
the media. A detailed discussion of this question may be found in the paper 
of Waksman and Joffe (11). It is probable that the addition of small amounts 
of acid eliminated from the field undesirable competitors, and gave free range 
to the sulfur oxidizers. The rise in the hydrogen-ion concentration of the 
first three cultures seems to substantiate the advanced postulate. -On the 
other hand, greater amounts of sulfuric acid seem not only to kill most of 
microbial flora, but even shock the strongest sulfur oxidizers. The sulfur- 
oxidizing bacteria will tolerate a reaction in sulfur-floats-soil mixtures as low 
as the pH 1.0, or lower. Pure cultures of a strong oxidizing bacterium re- 
ported by the writer (5) developed in a culture medium an acidity that 
required, for neutralization, 8.3 cc. of 0.1N NaOH per cubic centimeter of me- 
dium. These organisms were viable and upon transfer into favorable culture 
medium developed and functioned. The same organism when placed in a 
medium adjusted with sulfuric acid toa pH = 1.0 in some cases refused to grow 
and in other cases developed but very slowly. Lipman and Joffe (7) have 
shown that sulfur oxidation goes on rapidly in mixtures of 5 gm. of sulfur, 15 
gm. of floats and 100 gm. of soil. The réle of the latter in these mixtures is 
still obscure. The sulfur oxidation goes on rapidly. Because of the rapidity 
of oxidation, the possible influences in the competitive struggle of the micro- 
bial flora are obliterated. The amount of the soil is important because of 
its absorbing and adsorbing power. Under the conditions of the experiment 
reported in this paper, the addition of small amounts of acid seem to benefit 


sulfur oxidation. 


COURSE OF CONVERSION OF INSOLUBLE PHOSPHATES INTO SOLUBLE PHOSPHATES 
IN SULFUR-FLOATS-SOIL MIXTURES 


It has been pointed out that there are two sets of reactions involved in the 
process of making phosphates available by composting sulfur-floats-soil mix- 
tures, that of sulfur oxidation and that of the action of sulfuric acid on floats. 
The reactions involved in the conversion of raw rock phosphate into soluble 
forms by means of acids belong to the type of reactions of heterogeneous sys- 
tems. The rock phosphate minerals have no definite composition and the 
products formed are not always definite. In such heterogeneous systems the 
speed of the reaction is a function of a greater number of variables than in the 
case of a homogeneous system. According to Kazakow (b), there are factors 
which are common to both systems and they are: 
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1. Concentration of the reacting mass 

2. Temperature of the reacting medium 

3. Amount of contact of the reacting substances 
4, Speed of diffusion of the reacting substances 
5. Catalytic agents 


Besides these factors we have others in a heterogeneous system where solid 
solution phases occur. These are: 


6. Size of contact surface® 

7. Chemical composition of the solid phase 

8. Physical properties of the solid phase 

9. Influence of formation of a solid phase as a result of the reaction 


Factors 7 and 8 have a tremendous influence on the speed of the reaction 
and they are the least known, since the chemical make-up of the rock phos- 
phate is still obscure. Kazakow (6) formulates the reactions involved in the 
formation of soluble phosphates as follows: 


RESULTS 


TREATMENT 
Liquid phases Solid phases 
1. H,SO, added in excess...} HsPOx, H2SOx, sulfates of Ca, | CaSO,. 2H2O 
Al, Fe 
2. Close to optimum ..... H;PQ,, sulfates of Ca, Al, Fe | CaSO,. 2H2O 
3. Optimum..............] HsPOx, sulfates of Ca, phos- | CaSO,. 2H2O 
phates of Al and Fe 
4, Not enough acid........ H;POQ,, sulfates of Ca, phos- CaSO,. 2H2O and part of un- 
phates of Ca, Al and Fe dissolved phosphate 


In the acid phosphate, or super-phosphate industry the idea is to ob- 
tain monocalcium phosphate and for convenience the reaction is represented 
as follows: 


Caz (POx)2 + 2H2SO. -- 4H.O = CaH, (POx)2 -|- 2 CaSOQu. 2H:0. 


As it may be deduced from the scheme presented by Kazakow enough acid has 
to be used to accomplish this reaction; the practice is to use acid containing 
about 30 to 38 per cent of water (chamber acid of 50° B), since much water is 
necessary for the gypsum formation. 

In the case of the sulfur-floats-soil mixtures, the amount of sulfuric acid 
formed at any moment is small and in the presence of the large amounts of 
tricalcium phosphate no accumulation of acid is possible; the reactions are 
slowly approaching equilibrium and coming to completion. The transition 


3 The size of the particles of the rock in the manufacture of acid phosphate has a tremendous 
influence. Theoretically, all other conditions being equal, the speed of solution of a solid in 
a liquid is proportional to the contact surface, and in spherical bodies (as we suppose in fine 
floats) the surface is proportional to the square of the radius. Particles with a radius of 
0.1 mm. will dissolve twenty-five times as fast as particles with a 0.5 mm. radius. 
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stages are drawn out, e.g., the conversion from the tertiary to the primary 
phosphate is slow, since there is never an excess or a rapid formation of sulfuric 
acid. In a liquid medium where pure cultures of the sulfur-oxidizing organ- 
ism were used (5) the steps involved in the transformation of the tertiary to 
the primary phosphates may easily be followed. The conditions in the cul- 
ture medium are ideal for sulfur oxidation and the transition stages are short, 
e.g., the secondary phosphates quickly come to equilibrium with the tertiary 


TABLE 4 
Sulfur oxidation in a liquid medium 
SOLUBLE SOLUBLE 
AGE OF NUMBER OF H PHOSPHORUS AGE OF NUMBER OF H PHOSPHORUS 
CULTURE CULTURE Pp PER 100 cc. CULTURE CULTURE P PER 100 cc. 
OF MEDIUM* OF MEDIUM* 
days mgm. days mgm. 

1 5.4 45.94 12 24 87.44 

1 2 5.4 45.39 9 14 2:7 95.16 

3 5.4 45.39 15 2.6 93.56 

2 4 5.4 42.46 Tr 18 2.8 84.68 

5 5.4 42.75 19 2.6 101.25 

3 6 ss 13 20 Ye 183.51 

7 5.3 47.20 21 2.3 189.08 

5 8 Die 49.15 15 22 233 200.22 
9 4.0 60.80 23 2.3 206.70 


* The total amount of phosphorus in 100 cc. of medium was 217.8 mgm. 


phosphate and allow a rapid formation of the primary phosphate. The data 
recorded in table 4 demonstrate this point. The medium used was of the 
following composition: 


gm. 
OLS OSS eee a ee ea rr aa err ears 1.00 
oo ase Sata 3 ye 55 on aes on ee Sa SO eR I ne 0.50 
MAME G Laced oe ke shir ssheawns mechecucuh es ceeunt os sasewcnsasonniesa 0.50 
PEO Cows b ine ps hiss bis sus Sessa ses bh Ge eS Si Waiss ha widks a eisw a ey.wie® 0.01 
REMINDS cis ncisnicioe ob: cu hisieuine cule sade Nenu ioe bmn us Saaunbassaueeeuss 2.00 
INTC LSS boku nenGu ehh aw beaks seSanba sku cew eas ssnbeinegs soxawaeer 10.00 
Cas(PO,)s TIETETELETELELOLELE LETTE ETE TERETE TELE rerere ee 10.00 


The medium was distributed in 250-cc. Erlenmeyer flasks and sterilized in 
flowing steam for } hour each day for 3 consecutive days. A series of flasks 
was inoculated and incubated at 27°C. Every day two or three flasks were 
taken out and analyzed for the hydrogen-ion concentration and soluble 
phosphates. 

The interesting point of these data is that the crucial reaction for the con- 
version of the insoluble phosphates into soluble phosphates is that obtaining at 
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a hydrogen-ion concentration pH 2.7. It was apparent that at this point the 
primary phosphate was formed, which reacted with the tertiary, formed sec- 
ondary and, in combination with the sulfuric acid constantly being formed in 
the cultures, completed the reaction. The transformation of the phosphates 
beginning at the pH = 2.7 went on very rapidly and within 4 days almost 
all of the phosphates have been made soluble. It is interesting to point out 
that the hydrogen-ion concentration of the chemically pure monobasic cal- 
cium phosphate and that of commercial acid phosphate is 2.6-2.7. When 
we examine the cultures of the sulfur-floats-soil mixtures in the aeration work 
and investigate the course of the reaction we also find that the reaction goes 
down to a pH 2.8-2.6 and remains at this point for a long time, contrary to 
what is happening in the liquid cultures. It seems that the amount of the 
monobasic salt formed is very small and it takes time for the reaction to come 
to completion. The driving force of the reaction is the sulfuric acid and the 
speed of its production by the microdrganisms thus determines the velocity 
of the reaction. 

It is known that fluorides are present in almost all phosphate rock, usually 
as calcium fluoride. The latter reacts with sulfuric acid, giving hydrogen 
fluoride and calcium sulfate as shown in the equations: 


CaF, oe H.SO, = 2 HF -+ CaSO, 


The hydrogen fluoride is a strong reagent and reacts with the silicates of the 
phosphate minerals forming silicon tetrafluoride: 


4HF + SiO, = SiF, + 2H20 


The gaseous silicon tetrafluoride is decomposed by water forming hydrofluosi- 
licic acid and precipitating pure silica: 


3SiF, + 2H,O = 2H2SiFs + SiOz 


In the process of making acid phosphate most of the silicon tetrafluoride 
escapes and to a certain extent is beneficial to the process, since it makes the 
mixture more porous. The presence of this gas could be detected by its well 
known penetrating odor in the sulfur-floats-soil mixtures, especially when the 
sulfur-oxidizing organisms were active. The effect of this gas on the pure 
cultures of the sulfur-oxidizing microérganisms has not yet been studied. In 
mixtures with only 15 per cent of rock phosphate, 100 per cent conversionof 
the insoluble phosphates into soluble phosphates has been accomplished in 
7 and 8 weeks, and in such cases, the odor of the silicon tetrafluoride was at 
times very strong. 

This seems to indicate that the gas has no deleterious effect on the organisms. 
Still a more detailed study with the pure organisms is to be taken up, before 
any definite statement can be made. The other constituents of the minerals 
of rock phosphate undoubtedly play their part. With all the handicaps and 
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unknowns in the process, in the case of the aeration study as shown in table 
1, 50 per cent of the phosphates has been made available. 

One point is to be remembered in making analysis for the soluble phosphates: 
the total phosphates must be determined every time, since the percentage of 
the total will vary in the sample, for the oxidation of the sulfur, as shown in 
the earlier part of this paper, increases the weight of the mixture. It will 
therefore decrease the percentage of total phosphorus while the soluble phos- 
phates will increase proportionally. This point has been overlooked in the 
earlier work at the New Jersey Agricultural Experiment Station as well as by 
workers of other stations. 

The problem of making acid phosphate by the Lipman process of mixing 
rock phosphate, sulfur and soil is therefore chiefly a problem of providing ideal 
conditions for the sulfur-oxidizing bacteria. The different environmental 
conditions, variation of treatment, effect of temperature, inoculation and 
many other factors will be taken up in another paper. It will be shown that 
making phosphates available by the Lipman process has tremendous possi- 
bilities. In certain cropping systems this process will replace acid phosphate. 
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The form in which phosphorus occurs, as well as its function in soils has been 
the subject of much study. Many years ago it was suggested that part of the 
phosphorus in soils occurs in an organic form, but some investigators doubted 
the occurrence of sufficient amounts to be of any significance. Various 
methods of determining the mineral phosphorus compounds in soil have been 
suggested, but it is only comparatively recently that a method has been de- 
veloped which serves to distinguish between organic and inorganic phosphorus, 
and to show that there is an appreciable amount of the former in most soils. 
Potter and Benton (6) first attempted to determine organic phosphorus in 
soil and they devised a method which proved quite satisfactory. Schollen- 
berger (7) studied the problem later and modified the method slightly. His 
conclusions agreed with those of Potter and Benton, however, in showing that 
there is a rather large amount of soil phosphorus in the organic form. Very 
little work has been done as yet to show the relationship of organic phosphorus 
to other constituents of the soil and to the fertility of particular soil types. 
It would be very desirable to know the relation organic phosphorus bears 
to fertility. Is it more or less available to plants than inorganic phosphorus? 
Does organic phosphorus revert to the inorganic form and how rapidly? 
These, and many other questions remain to be answered when more is known 
about the organic phosphorus content of soils. 

A review of the literature shows that as early as 1844 Mulder (1) noted the 
presence of phosphorus in organic soil material. 

Schmoeger (2) studied the effect of igniting soil and of heating with water 
under pressure, and concluded that the increased solubility of phosphorus in 
hydrochloric acid after ignition was due to the destruction of insoluble organic 
phosphorus compounds. He concluded that the phosphorus was in the form of 
nuclein or similar compounds. 

Hopkins and Pettit (3) noted that certain soils showed a uniform mineral ° 
composition in surface, subsurface, and subsoil, and suggested that the differ- 
ence in phosphorus in surface and subsoil might be due to organic phosphorus. 
They suggested a method for calculating organic phosphorus. 


1 The author wishes to acknowledge his indebtedness to Dr. P. E. Brown for suggestions 
and criticisms in preparing the manuscript. 
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Stewart (4) discussed the solubility of soil phosphorus in hydrochloric acid 
and ammonia and concluded that the greater part at least of the ammonia- 
soluble phosphorus is organic. 

Fraps (5) showed that inorganic phosphates were soluble in ammonia after 
ignition and extraction with hydrochloric acid. He concluded that no method 
previously advocated would distinguish between organic and inorganic phos- 
phorus in ammonia extracts. 

Potter and Beuton (6) originated a method for distinguishing between 
organic and inorganic phosphorus in ammonia extracts. 

Schollenberger (7) developed further the method of Potter and Benton and 
he discussed the relationships between organic phosphorus and other constit- 
ents. He concluded that organic phosphorus and nitrogen exist in the same 
ratio at different depths. 


EXPERIMENTAL 


The object of this paper is to describe some preliminary experiments in a 
study of the organic phosphorus content of several Iowa soils. 

The four soils used were selected so as to give as wide a range of conditions 
as possible and are described below.? , 


No.1. Wabash silty clay loam. ‘A dark brown to black silty clay loam to a depth of 
18 inches, becoming somewhat lighter in color at that point. A dark brown to lighter brown 
silty clay loam to silty clay or clay to a depth of 36inches. The soil is level and often poorly 
drained.” The organic matter content is very high. Both surface and subsoil are low in 
lime. This soil when properly drained and worked is capable of very high productivity. 
This soil in its native condition may, in spite of its poor drainage and low bacterial activity, 
be said to possess high latent fertility. 

No.2. Clinton silt loam. ‘The surface soil is a light brown to grayish-brown silt loam. 
This extends to a depth of 8 to 12 inches at which point it grades into a layer of yellowish- 
brown or yellowish-gray silty clay mottled with yellowish-brown. This intermediate layer 
is usually 4 to 8 inches in depth and changes abruptly into a yellowish-gray silty clay mottled 
with yellowish-brown and rusty brown. This subsoil is very plastic when wet and compact 
and hard when dry.” The drainage is good, but the soil washes badly. The organic con- 
tent of the soil is low. The phosphorus content is comparatively low and the soil reaction 
is acid. 

No.3. Hancock silty clay. ‘The surface soil is only 4 to 6 inches in depth, and the subsoil 
extends to 12 to 15 inches giving way below to a gray and brown mottled or drab plastic clay 
which extends to 3 feet or more.” The soil is rather high in total phosphorus and low in 
organic matter. 

No.4. Jackson siltloam. ‘The surface soil is a light-brown, smooth, silt loam to a depth 
of 8 to 12 inches and passes into a yellowish-brown silty clay loam to silty clay. The sub- 
soil is rather compact.’”’ The application of lime where the soil is acid and of phosphorus 
and organic matter gives good results. This particular soil was selected because of its low 
phosphorus and organic carbon content and because of its acidity and low fertility. 


2 Quotations are taken from Soil Survey Reports of Iowa: Soil No. 1, Wright County 
Soils (in press); Soil No. 2, Johnson County Soils (in press); Soil No. 3, Pottawattamie 
County Soils; Soil Survey Report No. 2; Soil No. 4, Henry County Soils; Soil Survey 
Report No. 15. 
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No. 1. High organic carbon, phosphorus, and nitrogen, high latent fertility. 
No. 2. Low nitrogen and organic carbon, relatively high total phosphorus. 
No. 3. High total phosphorus and low organic carbon, high nitrogen. 

No. 4. Low phosphorus, carbon and nitrogen, low fertility. 

The analytical data given in table 1 with the exception of those giving or- 
ganic phosphorus are taken from the analyses made in connection with the work 
of the Iowa Soil Survey. The organic phosphorus results were obtained 
by the method developed by Schollenberger with some slight modifications. 
This method involves the preliminary extraction of the soil with 1 per cent 
HCI followed by the extraction of the phosphorus by eight hours shaking with 
4 per cent ammonia. After the extraction with HCl, the soil was washed free 


TABLE 1 
Analyses of soils 
SOIL STRATUM ORGANIC CARBON NITROGEN PHOSPHORUS sues 
lbs. per acre lbs. per acre lbs. per acre lbs. per acre 

Soil 1: 

BUR OR eos sa0s ove wie egies eins 129,354 9,500 1,563 393.46 

SR DMERDOS ove orsias 006.636 seers 178,542 9,760 2,398 482.40 

RRPERMEE 0S Vb ie 'atele aie Bare aueete 116, 298 6,180 2,304 690.36 
01 | 07 A SR 

RBRREEIROQD 40. 5.0/0 nls a'o/ers ayaa. oesee 20,256 1,500 1,428 don2e 

SEMPIQDE Ais airs aes cs caise' 12,448 1,000 2,560 

RN oo seis isin wieien aioe 53% 18,509 1,320 3,072 233 .82 
Soil 3 

BHPNOO Kah oa wisshnedis cca 52,428 4,380 1,900 289.40 

IRURIR ODE sala ado vicikaeie'sseess 73,016 6,800 3,120 422.80 

IAAI cn snsies cacisaieesans 63, 834 6,600 4,260 623.40 
Soil 4 

Ce ne eee 26,880 2,376 830 289.40 

SHIIAGO sista rew voce a cases 21,960 2-123 1,278 267 .40 

IE oF ois. 0s Soceak ie whercenr 23,280 2,433 2,124 345.18 


from chlorides, dried and ground to pass thru a 100-mesh sieve. 75 gm. were 
shaken with 750 cc. of 4 per cent ammonia. The soil suspension was set aside 
to settle then filtered through porcelain filters under 45 pounds pressure. This 
method of separation is open to some objection because it has been found that 
part of the organic matter does not pass through the filter. However, there 
was no difficulty experienced in the filtration. Soil no. 1 with the highest | 
organic matter content filtered more slowly, but in every sample all but a few 
cubic centimeters filtered through. If there were any great discrepancy in 
results due to the filtration it should show up in soil no. 1. Here, however, 


’The soil survey of Iowa is carried out by the Soils Section of the Iowa Agricultural 
Experiment Station in cooperation with the Bureau of Soils of the United States Depart- 
ment of Agriculture. 
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there was found a high percentage of organic phosphorus. Fraps (8) found 
with pure humic acid as much as 10 per cent loss in filtration. Schollenberger 
in comparing total phosphorus in an original ammonia soil extract with one 
filtered through unglazed porcelain found 6.6 per cent loss. Granting a loss 
of 10 per cent, the differences in percentages of organic phosphorus in the soil 
types used was so great that the value of the comparisons is not lost. In 
following up this preliminary work, however, a method of separation will be 
used which will eliminate this factor of loss. 

Total phosphorus was determined from a 100 cc. portion of the filtrate. 
Inorganic phosphorus was determined from an equal aliquot. Organic 


TABLE 2 


Ratios of various constituents 


ORGANIC ORGANIC ORGANIC 
som: stearow | eee | renee | eee 
PHORUS RATIO BON RATIO RATIO 
Soil 1: 
MIE in ihn piocu ssa ee cieeats 1-13.6 1- 3.98 1-328.7 1-24.1 
Er eae 1-18.3 1— 4.97 1-370.1 1-20.2 
oS a eee 1-18 .6 1— 3.34 1-168 .4 1- 8.9 
Soil 2: 
NEE ha. Bee ek de snceeeaed 1-13.5 1-19.84 1-280.4 1-20.7 
EEE is Sus sca xetee se 1-12.4 
NL vce abe a bee swecwee 1-14.0 1-13.15 1- 79.2 1- 5.6 
Soil 3: 
LESS Ee ee 1-11.9 1— 6.57 1-181.1 1-15.1 
BRIERE 5. S's cos saeSSieseoe 1-10.7 1— 7.40 1-172 .6 1-16.0 
UN os Shaws ccs ecco 1- 9.6 1— 6.84 1-102 .3 1-10.5 
Soil 4: 
NOE ees nui Mesos 1-11.3 1— 2.87 1- 92.8 1- 8.2 
IEP os cow ck gs kane 1-10.3 1— 4.80 1- 82.1 1- 7.9 
DS keene s woasealee 1- 9.5 1- 6.17 1- 67.7 1- 7.0 


phosphorus was obtained by taking the difference. All determinations were 
run in duplicate. It will be noted that in some cases rather large proportions 
of the total phosphorus were in organic form. 


DISCUSSION OF RESULTS 


Table 2 gives the calculations of the nitrogen-carbon, organic phosphorus- 
total phosphorus, organic phosphorus-organic carbon, and organic phosphorus- 
nitrogen ratios. By examining this table it may be seen that the nitrogen- 
carbon ratio is wider in soil no. 1 than in any of the other soils. This is as 
might be expected since soil no. 1 contains much more organic matter than 
any of the other soils. There has been less cropping on this soil than on 
the average upland soils of this section, drainage is poor andaeration deficient; 
hence organic matter has accumulated. Soil no. 4 shows the narrowest ratio; 
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and although it is very little different from no. 3, more decomposition and 
greater loss of easily decomposed organic matter has evidently occurred in 
this type. 

When the ratio of organic phosphorus to total phosphorus is observed some 
interesting comparisons will be noted. For instance, the soil having the highest 
latent fertility (soil no. 1) and the soil having the lowest latent fertility (soil 
no. 4), show the highest ratios of organic phosphorus to total phosphorus. 
However, it is not fair to compare these two soils from the phosphorus stand- 
point alone since soil no. 1 is well supplied with nitrogen and has nearly twiceas 
much total phosphorus. The significant part of the comparison is that a soil 
like no. 4 which is comparatively low in fertility and with so low a total phos- 
phorus content should have 34 per cent of its phosphorus in organic form. 
This seems to indicate that organic phosphorus is perhaps less available than 
inorganic and remains in organic form rather tenaciously. In soil no. 4 if 
organic phosphorus were readily changed to inorganic it would hardly be 
expected that so large a percentage of organic phosphorus would be found. 
Following this line of reasoning it would be expected that soil no. 2 with only 
5 per cent organic phosphorus would show a greater response to nitrogen 
than to phosphorus, since it has only 1500 pounds of nitrogen and has a com- 
paratively high amount (1428 pounds) of total phosphorus of which only 5 per 
cent is organic. 

Table 2 shows that with the exception of soil no. 4 the ratio of organic to 
total phosphorus is fairly constant at all depths. Soil no. 4 has evidently 
lost more of its inorganic phosphorus. 

The organic phosphorus-nitrogen ratio shows a very striking contrast to 
the organic phosphorus-total phosphorus ratio. There is a wider ratio in the 
surface soils in all cases than in the subsoils in the former. This indicates that 
the nitrogen accumulated at the surface and made soluble has been leached 
out more rapidly than has the organic phosphorus. This of course is not 
surprising. 

It may readily be seen from table 2 that the ratios of organic phosphorus 
to organic carbon are so different that no one ratio will serve for calculating 
organic phosphorus from organic carbon in different soil types. There is 
a range in ratios in surface soils from 1 to 328.7 in soil 1, to 1 to 92.8 in soil 4. 
However, if a large number of determinations had been made on each type it 
is possible, though not probable, that a more satisfactory and uniform ratio 
might have been secured. 

Table 3 shows the amounts in all soils at different depths based on 2,000,000 
pounds for surface, subsurface and subsoil. It is interesting to observe that 
organic phosphorus is rather uniform in subsurface and subsoil in all cases. 
Unfortunately the subsurface determination of soil no. 2 was lost. 

The only explanation which can be suggested for this is that the organic 
phosphorus in the soil, or the phosphorus called organic, seems to remain as 
such and is rather uniformly distributed throughout the soil with the exception 
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of the surface where the amount has been increased by decaying plant 
residues. 

No attempt has been made to draw any conclusions from these few analyses. 
This paper is merely a preliminary report on the problem. The results are 
interesting and indicative of the need of further study of organic phosphorus, 
but they will not permit of definite conclusions. 


TABLE 3 
Organic phosphorus in soil on basis of 2,000,000 pounds of soil for surface, for subsurface, 
and for subsoil 
SOIL STRATUM enue 
lbs. 

Soil 1: 

PD ca Sak ube aweShos ps eens Vasa base sus Sa poeeh ae oeskenecoe 393 .46 

PMGRDDD So bibinesipinasass cs ahiebosana bose esatoneseeusseune 241.20 

MMMLCKES. Shuancet pub asanicnnhs hich sak eee oases ce os ee nacenc ees 230.12 
Soil 2: 

MDE Gs seth sida mh eudaa eecebubh seh cikiesonee eee awwsbacwey 72.22 

NOE SEU wiS LCLLELY cn a wieuainb's webb ananwsSeteu ae wow aeie 

PUM ca cUuGaneksyeboeapckbasnwes ah ebseeesneoesen <ehusaranare 77.94 
Soil 3: 

EMME Ech ua cise Nouba waNia ah iohukbe ge suieeeoensncseweise’s 289.40 

MEME. cinl Ah apeinbionca share amecsaeareaee sucnes eee wiinies 211.40 

MEIN TEs OD sow suWebwok hbhieusebuwusels wien aseseaheaders 211.70 
Soil 4: 

REROD rece al ce cue aabneh sos Seeks apne abecnen seas neers 289 .40 

IEEE Shoe or oe aCe ui wanes Chow nu swim aecaisaue 133.70 

RUMI ChE dees es kee Roane enieembehieubwasesa Seibel ness 115.09 
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The experiments reported here were made during the year 1920 in the hope of 
finding out as quickly as possible what might be accomplished to restore 
fertility by simple treatments to the alkali soils of the University Farm at 
Kearney Vineyard near Fresno, California. Some of these soils had once 
been capable of producing excellent crops, but have now become so filled 
with alkali that little of value will grow on them. The immediate object 
of these experiments was to determine what kind of treatments should be 
tried in the fields to restore fertility to these alkali soils. 

During the years 1914-18 the Experiment Station had endeavored to 
reclaim an area of 160 acres of this land known as the Experimental Drainage 
Tract. A system of tile drains was installed, the land was flooded, and thus 
a large amount of saline and alkaline matter was removed in the drainage. 
Yet the land was not permanently reclaimed. Much of it remained bare, or 
covered only with alkali weeds. 

At a conference at the University in August, 1919 it was decided to make a 
detailed survey to determine the extent and nature of the alkali. After the 
tract had been mapped, a ton or more of soil from each of five localities repre- 
senting the chief variations in alkalinity was brought to the laboratory for 
experimental study. The soils were air-dried, screened and thoroughly 
mixed, then stored in closed bins in the house. 


THE CHARACTER OF THE SOILS 


There is considerable variation in the physical character of these soils, 
but in general they are classed as Madera fine sandy loam. No. 15 isa fertile, 
non-alkaline soil taken from the grove of ornamental trees. It was used as 
a check or standard to show what might be expected from a similar soil which 
contained no alkali. 

In respect to alkali these soils beginning with the worst, may be described 
as follows: 


No. 16 is a strongly alkaline and saline soil from area 118 of the Experimental Drainage 
Tract, section 6. It is devoid of any vegetation. 

No. 17 was originally a similar soil from area 58 of the Experimental Drainage Tract but 
it had been leached in the field and later cropped. Leaching had removed the alkali and 
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salts so that it contains less than one-fourth as much as soil 16, but it is still very toxic and 
unable to support vegetation. 

No. 18 is a highly saline but not alkaline soil from the olive orchard. It is too saline to 
permit much growth of crops. 

No. 19 is a moderately alkaline and saline soil from area 200 on North Monarch Vineyard. 
It supports a moderate growth of barley. 

No. 20 is a similar soil from the same locality, but is more alkaline, and highly saline. It 
is very infertile. 

The general composition and qualities of these soils are indicated in tables 
1 and 2. They show that the soils are similar in ultimate composition. The 
chief variations are in Na, Cl, SO, and COs, which are the characteristic 
constituents of alkali soils. These differences are more apparent in the water 
extracts, especially in those made with carbon-dioxide-free water. 


THE VARIOUS TREATMENTS 


Originally it was intended to treat the soils only with gypsum in varying 
amounts. Later it was seen that gypsum was not effecting the restoration 
of these soils to productiveness. Accordingly, as opportunity offered, various 
other procedures were tried, but only toa very limited extent on account of 
lack of time and facilities. The leaching of soil 18 should be regarded as a 
separate experiment, as this soil was not alkaline. 


The soils varied greatly in alkalinity and in salinity, hence all were not treated alike. 
Soils 16 and 17 were so highly alkaline that it was hardly expected to restore fertility in them 
by gypsum alone, so only one pot of each treatment was prepared. It was hoped that some 
amount of gypsum would improve soils 19 and 20 so that they would produce a crop, hence 
each treatment was tried in seven pots, in order to obtain somewhat average or representative 
results. 

The gypsum treatments of soils 16 and 17 were made by G. R. Stewart about three months 
previous to the time the treatments on soils 18, 19 and 20 were started. The treatments for 
the latter soils were decided upon at a conference between Professors J. S. Burd and D. R. 
Hoagland and the writer. 

The gypsum, or other added material, was mixed with the dry soil, then the mixture was 
placed in 5-gallon earthenware jars and watered. After a few days barley was planted in 
the jars. 

Soils 16 and 17 were treated alike with gypsum (CaSQ,2H20) in amounts from 500 to 
80,000 pounds per acre. 

Soil 18, saline not alkaline, was leached only. 

Soils 19 and 20 were treated with gypsum in amounts of 3000 to 64000 pounds per acre. 


Organic treatments 


One jar each of soils 16, 17, 19, 20 was mixed with 1 per cent of its weight in rotted manure}; 
one jar of each with 1 per cent in alfalfa meal; and one of each with 2 per cent in lawn (blue- 
grass) clippings. These were planted and cared for like the gypsum treatments. 


The leaching treatments 


Soil 18 was the only one extensively treated by leachings. 
This very saline, but not alkaline soil required only leaching to remove the excess of salts 
in order to restore fertility. Two qualities of water were used; first, the ordinary tap water. 
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TABLE 1 


Composition of the water extracts of alkali soils 
Ratio of soil to water—1:5 
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QUANTITIES FOUND IN SAMPLES EXPRESSED AS PARTS PER MILLION IN DRY SOIL 
SOIL CONSTITUENTS 
No. 16 | No. 17 | No. 18 | No. 19 No. 20 
Extract made with ordinary distilled water, filtered on Pasteur filter 
dp. p.m dD. p.m p. p.m. p. p.m Dd. p.m. 
Total solids........ 26,695 6,128 8,173 2,296 4,934 
Nearness Sa eice 61 25 450 31 26 
WU ciccestea vous 7 8 169 8 9 
Bios nets 00s soso 9 ,682 2,046 1,545 707 1,670 
LBA Pee 116 
SQ,... 1,807 822 677 509 550 
12) CE Ree re 1,624 112 329 
Niece sok cee wens 2,457 302 0 0 0 
HCO; 4,995 983 259 499 504 
oS 7,988 1,663 1,444 611 1,681 
Extract made with distilled water free of COs, filtered on paper 
COs scidase neck 3,300 600 0 48 120 
HCO; 3,050 610 61 238 183 
Chinsasentoren Secs 7,600 1,850 1,275 635 1,825 
TABLE 2 
“Composition of acid extracts of alkali soils* 
QUANTITIES FOUND IN SAMPLES EXPRESSED AS PERCENTAGES 
SOIL CONSTITUENTS salintinintiaed 
No. 16 No. 17 No. 18 No. 19 No. 20 
per cent per cent per cent per cent per cent 
Insoluble residues................: 88.43 89.78 77.98 88.54 88.80 
Soluble silica........... 0.42 0.46 0.50 0.51 0.45 
Be cieisicrs disses eis « aianass ores ara a eos 1.97 2.05 3.42 2:31 2.01 
1 Ce OTT I oe 1.24 1.21 4.31 1.64 1.69 
Cay cicikon Micistecaaaennaiae uae 0.91 0.80 0.90 0.81 1.04 
Mg. 0.45 0.45 0.51 0.44 0.41 
UNDE coa ise Misra we wiersias aie eo aaa Reais 1.13 0.41 0.29 0.22 0.18 
BG otaoiels islsieioic ois ane Riled weenie 0.52 0.57 1.34 0.65 0.35 
Rene Uacfarcistatais tea elcome utsapnaieateti teed 0.20 0.08 0.15 0.06 0.04 
POEs cicterean nese erie sc sss ae sa eres 0.06 0.05 0.05 0.04 0.09 
Cl I WRtEh CRITECO ia o o's o:6 oivsiereeies 0.80 0.17 0.14 0.06 0.17 
Organic, loss, water, etc............. 3:33 3.79 10.18 4.64 4.62 
Total COsz by evolution........... 0.54 0.18 0.07 0.07 0.12 
Acid Equivalent = %H,SO, 
required to neutralize...........| 0.98 0.31 0.015 0.088 0.157 
Hydrogen Ion Concentration 
of moist soil (pH).............. 9+ 9+ 7.0 8.2 8.6 


*Extract made according to method of Association of Official Agricultural Chemists, 
HCI specific gravity 1.115, 10 hours in steam bath. 
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Calcium and magnesium bicarbonates constitute the chief soluble ingredients of this water. 
It was considerably superior to the synthetic water no. 1 in facility of leaching, and left the 
soil in better physical condition. Barley seemed to do better on the soil leached with tap 
water. 

Sodium carbonate (20 p.p.m.) is the characteristic constituent of synthetic water no. 1 
used to leach the duplicate lot of soil 18. This water tended to puddle the soil and percolated 
much more slowly than the tap water. Long use of such a water for irrigation might be 
expected to produce an alkali soil. 

It is thought that the tap water was superior on account of its content of calcium which 
maintained floculation of the soil. 

The procedure employed was as follows: 

Fifty pounds of soil was placed on muslin cloth in a large galvanized filter 2} feet in diame- 
ter. The soil made a layer 1} to 2 inches thick. A nearly equal volume of water, 8 liters, 
was added and allowed to run through. Then 8 liters more were added; after it ran through, 
8 liters more. After this, suction was applied for several hours until no more water was 
removed. Then the soil was taken out, spread on paper and left in a warm room until dry. 
Later it was pulverized and mixed and returned to the jars. 

A few leachings were made on soil 16. One lot leached with distilled water containing 
0.1 per cent gypsum was placed in jar 131. One lot was leached in a similar manner with 
synthetic water no. 1 containing 0.1 per cent gypsum. It was in two portions, one placed in 
jar 133 remained quite alkaline and saline. Enough sulfuric acid to neutralize the soil was 
added to the last leaching water applied to the other. Still retaining much saline matter, it 
was placed in jar 132. Barley germinated well in these soils, but died without making much 
growth. The physical condition of these soils was very bad. They were badly puddled, and 
not easily penetrated by water. This effect was generally observed after leaching a very 
alkaline soil. 

Leaching in Glass Tubes 


Although this was a separate experiment it is of interest in this connection to mention the 
results obtained. 

The soils were placed in glass tubes about 1 inch in diameter, 4 to 5 feet long. The soil 
columns were about 4 feet long. They were leached with synthetic water no. 1 and no. 2. 
The tubes were too narrow and several of them broke so that results were unsatisfactory. 

In general, the more saline water no. 2 percolated more rapidly than the alkaline water no. 
1. After the larger proportions of the salts had been removed from soils 16 and 17, percola- 
tion very nearly ceased. On soils 19 and 20 percolation became very slow toward the last, 
but finally nearly all the salinity and most of the alkalinity was removed. These soils are 
much more easily leached than 16 and 17. 


RESULTS OF SOIL TREATMENT 


The crop of barley 


Barley was the crop selected to indicate the effect of the treatments. The 
soils were placed in 5-gallon stone-ware jars, each holding about 50 pounds of 
soil. Seed was planted in January. During the time the crop was growing, 
the jars stood in an open shed with a glass roof, so that the soils were exposed 
to ordinary weather conditions except that rain was excluded. The mois- 
ture content was maintained near the optimum (15 to 18 per cent— by fre- 
quent additions of distilled water. After the crop had matured and dried, 
it was harvested and the weights of heads and of stalks recorded. Seven 
jars of the fertile soil 15 were used for checks and cropped in the same manner. 
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The crop produced is taken as somewhat indicative of the degree of improve- 
ment in the various soils consequent on the treatments applied. 

Except in the case of one treatment only none of the seeds planted in soil 
16 germinated. On some of the leached soils there was fair germination but 
very little growth. Soil 17 permitted some germination, but little crop. Soils 
18 and 19 produced considerable crop as shown in table 3. Soil 20 allowed 
some germination, but the plants soon ceased to grow. 


TABLE 3 
Relative yields of barley on treated alkali soils 
ooo YIELD OF HEADS 

SOIL 

= er Compari- || Compari- Compari- 

= weight | SORWth |] eight | sonwith [INGEST Off son with 

gm. per cent gm. per cent gm. per cent 

15 |None (check)............] 37.0 100 19.5 100 12.3 100 
16 |Gypsum, all amounts,.... ™ = - 
17 |500 lbs. gypsum......... 3.0 8 0.5 3 2.0 16 
17 |32,000 lbs. gypsum... .| 11.5 31 35 18 5.0 40 
17 |80,000 lbs. gypsum ..... 8.0 22 25 13 5.0 40 
BS INGDE Si sseicscs cess csees 4.3 12 £3 7 4.3 35 
18 |Leached, tap water...... 39.4 106 17.3 89 14.7 119 
18 |Leached, synthetic water.} 33.6 91 16.9 87 13.3 108 
WPIINGIES eis 5's cia Noes 04a ets tee 19 3.9 20 6.0 48 
19 |2000 Ibs. gypsum........ 9.1 25 5.1 26 7.9 64 
19 |8000 lbs. gypsum........ 12:0 32 6.9 35 10.6 86 
19 |16,000 lbs. gypsum....... 13.1 35 16 38 11.9 97 
19 |64,000 Ibs. gypsum...... a 10.4 ht 9.5 48 13.0 106 
20 |Gypsum, all amounts... . t T T 


* No germination. 
t Some germination, but no crop. 


When the toxicity is sufficiently overcome by gypsum and leaching to per- 
mit a fair growth of crop, it appears that the plants bear an undue number and 
weight of heads in proportion to total weight. This may be due to the en- 
deavor of the plant to reproduce itself under adverse conditions of nutrition. 


Changes in alkalinity 


Four or five weeks after the barley had been planted, when the effect of 
the alkali on the plants was evident, samples of soil were taken from both top 
and bottom of jars representing nearly all the different treatments. 
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TABLE 4 
Effects of treatments on soil 
H2SO, REQUIRED TO H2SO« 
NEUTRALIZE REQUIRED 
PH VALUE] 1-10 EXTRACT BY To 
SOIL TREATMENT OF SOIL NEUTRAL- | CHLORINE 
EXTRACT IZE, MUD 
Phenol- | Methyl | suspEN- 
phthalein| orange SION 
per acre per cent* | percent* | per cent* | per cent® 
No. 15 
Top None 6 0.000 | 0.014} 0.000} 0.006 
Bottom None 6 0.000 | 0.010} 0.000; 0.010 
No. 16 
Original None 9+ 0.255 | 0.745 | 0.98 0.78 
Top 9+ 0.274 | 0.676 0.68 
Bottom sopra aoa 9+ | 0.290| 0.764 0.68 
Top 9+ 0.235 | 0.598 0.72 
Bottom ie 8+ | 0.290] 0.715 0.73 
Top 9-+- 0.050 | 0.120 0.57 
Bottom SOP0 Be. gypenm 9+ | 0.070] 0.137 0.66 
Top 9+ | 0.220] 0.510 0.46 
Bottom Alfalfa 94+ | 0.372] 0.884 0.92 
Whole jar Leached and neutral- 
ized 6.5 0.000 | 0.016 0.010 | 0.01 
Whole jar Leached with gypsum 9+ 0.027 | 0.059} 0.137] 0.00 
No. 17 
Original None 9+ 0.059 | 0.176} 0.320] 0.15 
Top 7.4 0.001 | 0.031 0.012 
Bottom seo Se. epee 8.8 | 0.012| 0.057 0.350 
Top 9+ 0.023 | 0.074 0.076 
Bottom sat ea 9+ | 0.015] 0.104 0.224 
Top 8.5 0.008 | 0.033 0.050 
Bottom iti ee 9.0 | 0.029] 0.059 0.276 
Whole jar Manure, 10 tons Oe 0.039 | 0.127 0.03 
Whole jar Grass clippings, 20 tons 9+- 0.055 | 0.116 0.08 
Top 9+ 0.015 | 0.113 0.02 
Bottom Jat 9+ | 0.059] 0.204 0.26 
No. 18 
Original None 7 0.000] 0.016] 0.015 | 0.134 
Top None 6.5 0.000 | 0.016 0.094 
Bottom 6.5 0.000 | 0.016 0.180 
Top Leached with tap a2 0.000 | 0.037 0.004 
Bottom water 6.8 0.000 | 0.026 0.012 
Top Leached with syn- 6.8 0.000 |} 0.030 0.012 
Bottom thetic water no. 1 7.2 0.000 | 0.034 0.006 


* Per cent of the dry soil. 
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TABLE 4—Concluded 


HeSO, REqurep to | H2SOs 
NEUTRALIZE REQUIRED 
pH oF 1-10 EXTRACT BY TO 
SOIL TREATMENT SOIL NEUTRAL- | CHLORINE 
EXTRACT IZE, MUD 
Phenol- Methyl | suspEN- 
phthalein | orange SION 
per acre per cent* | per cent* | perceni* | per cent* 
No. 19 
Original None 8.2 | 0.008] 0.048] 0.088 | 0.076 
Top None 8.8 | 0.010] 0.051 0.020 
Bottom Vin 0.004 | 0.043 0.114 
To 8.8 | 0.006] 0.054 0.1 
bs A }2,000 ihe. eyrpeum 7.2 | 0.000} 0.025 0. a 
To 6.8 | 0.000] 0.029 ; 
aati 8,000 Ibs. gypsum 6.8 | -0.000| 0.019 ; aa 
T 6.8 | 0.000] 0.019 0.02 
tae 16,000 Ibs. gypsum 6.8 | 0.000] 0.019 0 ri 
Te, _[jsoomecnm | S¢| 290] 009] | om 
Top Alfalfa 8.5 | 0.016] 0.065} 0.049] 0.008 
Bottom 8.5 | 0.008} 0.069] 0.049] 0.170 
No. 20 
Original None 8.6 | 0.040] 0.140] 0.157] 0.182 
Top None 8.8 | 0.020] 0.064] 0.074] 0.160 
Bottom 8.8 | 0.016] 0.060] 0.074] 0.220 
Top 7.2 | 0.002} 0.036] 0.037] 0.220 
Bottom 8000 Ibs. gypsum 7.2 | 0.004] 0.036} 0.049] 0.220 
Top 7.2 | 0.000] 0.028} 0.049| 0.170 
Bottom 16,000 Ibs. gypsum 7.8 | 0.000] 0.028] 0.025] 0.280 
Top ae 6.8 | 0.000} 0.024] 0.037} 0.124 
Bottom ww BYP 6.8 | 0.000! 0.024] 0.049] 0.210 
Top - 6.8 | 0.000} 0.014] 0.049] 0.110 
Bottom 64,000 Ibs. gypsum 6.8 | 0.000] 0.026] 0.049] 0.220 
Top atte 8.8 | 0.030} 0.090] 0.074] 0.110 
Bottom 8.8 | 0.016] 0.075| 0.123] 0.276 


To determine the alkalinity of the soil two methods were used. In the first 
method, 1 to 10 water extract (CO,-free water) was titrated with acid, with 
phenolphthalein and methyl orange as indicators; then Cl was determined by 
titration with AgNO; and chromate indicator. In the second method a sus- 
pension, or mud, containing 2 parts of soil to 1 part of water was titrated with 
0.1 W H2SOk,, the indicator being bromcresol purple on a white porcelain plate. 
Similar tests on the original soil are given for comparison. These data are 
shown in Table 4. 

In general the table shows that gypsum reduced the total alkalinity and 
lowered the hydrogen-ion concentration somewhat in proportion to the amount 
added to the soil. In some of the mixtures there was much more gypsum than 
necessary to react with all the sodium carbonate in the soil. Also it is probable 


132 P. L. HIBBARD 


that a large part of the gypsum in the higher applications did not react with the 
soda on account of lack of time and of sufficient water to dissolve the gypsum. 
Presence of calcium and sulfate in quantity, in the water extracts from the 
higher treatments of soils 17, 19 and 20, indicates that the gypsum had never 
been dissolved after being mixed with the soil. Only the highest application 
on soil 16 contained enough gypsum to neutralize all the soda in this soil. 

The data also indicate that the soluble salts were largely removed from the 
top layers of soil in the jars and concentrated in the bottom during the first 
month after barley was planted. This undoubtedly enabled the grain to make 
a much better early growth than if such translocation had not taken place. 
It is probable that later in the period these salts migrated back toward the 
tops of the jars. The table also shows that the top soil in some jars had a 
higher hydrogen-ion concentration than the bottom. This seems to be a com- 
mon effect of washing salts from an alkaline saline soil, and perhaps also from 
a non-alkaline soil. 


The reaction between gypsum and sodium carbonate 


There is usually a small amount of calcium in the water extract of most 
alkali soils, due to the solvent effect of sodium salts on calcium carbonate and 
also to replacement of calcium by sodium. But so long as the soil contains 
sodium carbonate enough to give it a hydrogen-ion concentration of pH- 
8.5 or higher, no considerable amount of calcium will be found in the water 
extract of the soil. This fact, together with the fact that gypsum is soluble 
in water only to the extent of about 0.25 per cent, sets a rather definite limit 
to the amount of alkali which can be neutralized by addition of gypsum to the 
soil without removal of the products of the reaction. 

It might be thought that an excess of gypsum added to such a soil would 
gradually dissolve, as the reaction proceeded, so that if enough gypsum were 
present all of the sodium carbonate would be finally changed to sodium sulfate. 
But the tendency to reversal of this reaction in the presence of considerable 
amounts of sodium salts, is so great that it becomes impossible to neutralize 
large amounts of sodium carbonate in soil by gypsum, without leaching to 
remove the sodium sulfate. Examination of table 4 brings this out. Soils 
16 and 17 did not become neutral by the addition of any amount of gypsum, 
though some of the applications were more than enough tocombine with all the 
sodium carbonate present. The concentration of sodium salts was too great. 
On the contrary, soils 19 and Z0 lost their alkalinity when treated with sufficient 
gypsum. But in this case the total concentration of sodium carbonate at the 
start was not greater than the equivalent possible concentration of gypsum in 
the soil solution. That is, the amount of gypsum which could dissolve in 
the soil solution at any one time was sufficient to react with all the sodium 
carbonate present. This did not restore fertility because the salinity of the 
soils was too great for vegetation. 
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Effects of the organic treatments 


On March 11 and 12, after the barley had made a good growth but before 
heading, the carbon dioxide in the soil atmosphere was determined, with re- 
sults shown in table 5. The air analyzed was drawn from the lower central part 


of the soil jars. 
TABLE 5 


Carbon dioxide in soil atmosphere after organic and other treatments 


TREATMENT CARBON DIOXIDE 


per cent 


Gypsum, all proportions..............+605 ied, aaraient omen crated \ sata 
Stable manure 


Jar 133, leached 
Jar 132, leached and acidified 


Gypsum, all proportions 
Stable manure 


Original or leached 0.23—0.34 


Gypsum, all proportions 6.27—0.45 
Stable manure 0.37 
1.07 
0.71 


0.28 
Gypsum, up to 32,000 Ibs. 023—0.34 
Gypsum, 64,000 Ibs 
Stable manure 


In general, the more carbon dioxié in the soil air, the better was the 
growth of barley on any of the soils. /pparently gypsum had no consderable 
effect on the amount of carbon dioxidein this air, but organic matter iacreased 
it very much, according to the natureof the organic matter. Rotted nanure, - 
being relatively inert, was least effecive, while the soils treated with alfalfa 
meal contained the greatest amoun’ of carbon dioxide. The increas:d con- 
tent of carbon dioxide lowered the Atensity of alkalinity so that plan's were 
able to grow in soil which, if untreaed, permitted no growth. 

For the purpose of starting an allili-sensitive crop this means of reducng the 
intensity of alkalinity may be of geat importance. After the delicate plants 
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have become sturdy, they usually will endure a higher degree of alkalinity such 
as would recur after the lowering of the carbon dioxide when the rotting or- 
ganic matter has disappeared. But for permanent reduction of total alkalinity 
this method is of little value. ; 


CONCLUSIONS 


Excessive salinity, which renders a soil infertile, may be removed by simple 
leaching with water, so that the soil will again produce good crops as shown by 
soil 18. 

Excessive alkalinity of a soil due to sodium silicate, carbonate or bicarbonate, 
may be ameliorated by gypsum, to some extent, but to restore fertility it is 
necessary to leach the soil after adding the gypsum. 

Surface application of water to pots of soil may remove so much of the 
alkalinity, or more especially the salinity, to the lower levels of the jar that 
germination and growth of plants may take place in the top soil which other- 
wise would bz quite toxic. 

Increase a carbon dioxide in the soil atmosphere lowers the intensity of 
alkalinity and thus permits growth of plants otherwise impossible. Such 
increase of carbon dioxide is readily accomplished by decay of easily decom- 
posed organic matter. 

When a soil contains 0.5 per cent or more of sodium salts, including some 
sodium carbonate, it is improbable that it can be made fertile by addition of 
gypsum in any amount, because the reaction by which sodium carbonate is 
changed to sulfate tends to reverse, as shown in the equation: 


NaeCO; + CaSO, <= CaCO; + NaeSO, 


In order to prevent this reversal it is necessary to remove the sodium salts 
by leachng or other adequate means. On account of the low solubility of 
gypsum (about 0.25 per cent) it is impossible to increase its concentration in 
the soil solution sufficiently to prevent reversal of the above reaction in the 
presence of much sodium salts. 

It is not feasible to leach very alkaline soils without adding some flocculat- 
ing agent, such as gypsum or calcium bicarbonate, in order to prevent pud- 
dling of he soil and interference with percolation. 

Water of primary alkalinity, i.e. containing sodium carbonate or bicar- 
bonate, is not well adapted to leaching alkali soils. 

Wher sodium chloride or sodium sulfate is removed from a saline or from 
an alkaine-saline soil by leaching with water, the soil is likely to show an 
increastd intensity of alkalinity, or lower hydrogen-ion concentration, before 
all the sodium carbonate is removed. This was observed with all the soils 
used in the experiment. The intensity of such induced alkalinity may be 
sufficiat to be toxic to some plants, but the quantity will usually be so small 
that amoderate amount of carbon dioxide, such as the plant sets free or such 
as maz be generated by decaying organic matter, will reduce the intensity to a 
point below the toxic limit. 
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In another paper (1) the writer has shown how applications of soluble 
nitrogen, applied at certain growth phases of the plants, affected the protein 
content and hardness of “soft white” Australian wheat. A range from 8.6 
to 15.2 per cent in protein and a range from no. 2 “soft white” to no. 1 “hard 
spring,” according to commercial grading, represented the magnitude of 
differences in the quality of the wheat produced. Good correlation was 
obtained between the differences in protein content of the wheat and the 
time of nitrogen applications. The treatments are fully described in the 
paper cited. 

Very marked differences in the time of tillering of the plants and culm 
formation were obtained by the treatments. Plants that produced tillers or 
culms early, produced soft wheat, low in protein; those that tillered late pro- 
duced hard wheat, high in protein. Although a relationship could be shown 
between the time of tillering and the quality of the wheat, it does not appear 
that the important physiological condition affecting the protein content of 
the wheat is related, as the cause, merely to the time of tillering. The impor- 
tant physiological condition seemed to be the length of the growing period 
of the tillers as head-bearing stalks. The age of the plant when tillers arose 
was an important factor that affected the length of the growing period of the 
culms. Because the length of the growing period of wheat is relatively 
fixed for any given environmental complex, tillers that arose late in the 
growing period of the plant had a shorter span of growth than those that 
arose earlier. The differences obtained in the time of tillering depended 
largely upon the time when nitrogen was applied. In this respect, the time 
of application of nitrogen was a condition that affected the length of the 
growing period of the head-bearing stalks. That this was an important factor, - 
or set of conditions, in the production of the wheats of varying protein content, 
is shown by table 1. 

The table shows very clearly that the length of the growing period of the 
head-bearing stalks was decidedly shorter in those cultures that produced the 
high-protein wheat than it was in those that produced the low-protein wheat. 
The differences for the extreme cases were 68 days. The good correlations 
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apparent between the differences in protein content of the wheat with that of 
the length of the growing period of the stalks is strong indication that the two 
circumstances may be related as effect and cause, respectively. 

As stated in the paper cited, the culture medium employed was a soil de- 
ficient in available nitrogen and had a low crop-producing power for cereals. 
It was a soil that responded very quickly in increased crop production upon 
receiving a moderate application of nitrogen. It was observed in this inves- 
tigation that the cultures which received nitrogen at the time of planting the 
seed grew rapidly and soon developed the culms that became the head-bearing 
stalks. The cultures, because of the ample supply of available nitrogen, 
grew into strong plants. These decidedly exceeded all other cultures in vege- 


TABLE 1 


Relation between the protein content of spring wheat and the length of the growing period of the 
head-bearing stalks, as affected by applications of nitrogen at different 
growth phases of the plants 


NUMBER 
OF TRIPLICATE 
JAR 
SERIES 


DATE 
OF PLANTING 


DAYS AFTER 
PLANTING 
WHEN N WAS 
APPLIED 


COMMERCIAL GRADE 


PROTEIN 
CONTENT 


LENGTH* OF 
GROWING 
PERIOD OF 


HEAD-PRODU- 


CING STAJ KS 


TOTAL 
LENGTH OF 
GROWING 
PERIOD OF 
PLANTS 


days 
201 
197 
194 
194 
206 
229 


days 
192 
187 
167 
157 
140 
125 


per cent 
2 soft white 
2 soft white 
1 soft white 
2 hard spring 
1 hard spring 
1 hard spring 


1/14/19 
1/14/19 
1/14/19 
1/14/19 
1/14/19 
1/14/19 


* Count was begun on the day branched leaves appeared which marked the inception of 
stalks and tillers. 


tative development during the first four weeks of growth. When, however, 
the plants in the other pots received their applications of nitrogen later in the 
growing period, they responded to the treatment to a greater degree than did 
the cultures that received nitrogen at the time of planting, and exceeded them 
in growth. As a rule, the later the nitrogen was applied, the greater and 
quicker was the response in vegetative growth. This response in vegetative 
growth consisted primarily in the formation and rapid growth of tillers. 
Tillering was greater in all cultures that received nitrogen 33 days or more 
after planting than in those that received nitrogen earlier in the growing 
period. The maximum tillering of all the cultures was produced in those 
pots which received nitrogen 110 days after planting. Nearly all the tillers 
of all the cultures became head-bearing stalks. The condition, therefore, 
that initiated tillering, within the scope of the investigation, was, in a large 
measure, subject to change at will, while that of maturation of the plants 
which concluded the growth period was not so subject. 


RELATION OF PROTEIN CONTENT TO PERIODS OF GROWTH 137 


The table shows no correlation between the length of the growing period of 
the plants receiving different treatments and the protein content of the 
wheat. It is noted, however, that the cultures which received nitrogen 33 
and 48 days after planting had the shortest growing period of all in the series. 
This shows that applications of nitrogen to wheat plants made at certain 
growth phases, can shorten the total length of the growing period, and applica- 
tions of nitrogen made at other growth periods of the plant can lengthen its 
total growing period. 

In view of the results obtained, the question may arise as to what the phy- 
siological causes are that relate the protein content of the wheat to the length 
of growing period of the head-bearing stalks. An answer to this question at 
present can be only in the nature of a suggestion. It is known that the pro- 
tein and carbohydrate content of wheat, in general, may vary over a consid- 
erable range. This variation may be due to genetic characteristics of the 
plant, or to environmental conditions of growth. Apparently the latter set 
of factors as the cause of variation, is of much greater importance than the 
former. Differences in the protein and carbohydrate contents of the wheat, 
as found in this investigation, obviously imply that relatively different amounts 
of nitrogen compounds and carbon compounds were used in the processes of 
assimilation. The rate of absorption of nutrients and the length of the period 
of absorption, that is, the length of the growing period of the plant, are two 
factors among others that determine how much material can be absorbed. 
Both the total amount of nitrogen compounds and carbon compounds absorbed 
by the plant and their relative proportion one to the other, apparently were 
factors that affected the processes of assimilation and the kinds of products 
assimilated. 

From the standpoint of rates of absorption, it is possible to conceive of two 
sets of conditions that would account for the high-protein wheat obtained 
in the investigation. One of these would be that the rate of carbon intake 
to that of nitrogen was decreased in the production of high-protein wheat 
as compared with that of low-protein wheat; the other that the rate of nitrogen 
intake to that of carbon was increased. Obviously the latter set of conditions 
seems the more probable of the two. It seems reasonable to assume that the 
plants that received the applications of nitrogen late, say from 48 to 110 days 
after planting, had a larger supply of this nutrient for their later growing 
period than did those plants that received nitrogen at the time of planting. 
The application of nitrogen made at the time of planting was partly used up 
by the vigorous growing plants at the time other cultures received their appli- 
cation of nitrogen. Consequently, when the application was made early in 
the growth period, there was not so much nitrogen available in the latter 
growth phases of the plants, when presumably the demand for this nutrient 
was the greatest, as was available in those cases where the nitrogen was applied 
late. While the supply of nitrogen available to the plants sets the limits of 
the amount that possibly may be absorbed, nevertheless, the capacity of the 
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plants to absorb and utilize the nitrogen presumably was an important factor 
that affected the rate of nitrogen intake. The condition of relative insuf- 
ficiency of nitrogen under which the plants that produced the high-protein 
wheat were started, seemed to operate as a means that gave the plants a 
greater capacity to absorb and utilize the nitrogen when applied late. The 
larger total production of dry matter and the greater protein-content of the 
wheat obtained from plants that had a short growing period of the stalks was 
assumed to indicate the relatively larger capacity for nitrogen absorption and 
utilization. 

The length of the period of growth during which nutrients are absorbed, 
is a factor that may affect the amount of material taken up by the plant. 
If the rates of absorption of nutrients had been the same for all plants through- 
out the growing period, then the plants that had a long growing period should, 
other conditions being equal, absorb a larger amount of nutrient material 
than those plants of a short growing period. So far as this may be applied 
to the carbon dioxide intake only, wheat of a long growing period would be 
expected to be more starchy than that of a short growing period, as in the 
former case it could build up more of the carbon photosynthetic products 
than in the latter. But the factor of the length of the period of growth does 
not explain the nitrogen relation as found in these different wheats. It thus 
seems that the most probable explanation of the cause of the differences in 
protein content of this wheat is to be found in the differences in the rates of 
absorption of nitrogen and its utilization, which were greater in the wheat 
whose head-bearing stalks had a short growing period than in those which had 
a long growing period. 
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